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Abstract 
The effective spatial resolution of all optical microscopes is limited fundamentally by 
diffraction. For complex, non uniform objects, such as biological organisms and 
tissues, images are further degraded by light scattering and refractive wavefront 
aberrations. This thesis presents an investigation into how the techniques of 
adaptive optics (AO) and structured illumination (SI) can restore and extend the 
imaging capabilities of fluorescence microscopes for a range of biological samples. 
AO seeks to improve imaging performance through the measurement and 
correction of wavefront aberrations. In this thesis a method for direct wavefront 
sensing in a microscope using fluorescent guide stars is described and investigated 
experimentally. The use of a confocal pinhole in combination with the wavefront 
sensor is considered as a means of rejecting out of focus light. Using Fourier optics 
simulations, and an empirically derived model of biological wavefront statistics, it is 
shown that an appropriately-sized pinhole can improve wavefront sensing in thick 
biological samples. The fluorescent guide star method is implemented in a combined 
widefield and confocal fluorescence microscope incorporating a closed loop AO 
system. The microscope is described in detail, tested using fluorescent microspheres 
and used for aberration corrected imaging of synthetic samples and a biological 
organism. Vectorial ray tracing methods are then used to examine polarisation 
dependence of the wavefront in high numerical aperture (NA) imaging systems and 
the implications for AO in such systems are discussed. 
The use of SI can increase the effective spatial resolution of a fluorescence 
microscope through frequency mixing between the sample and a spatially modulated 
excitation field. The theory behind this technique is described and an SI microscope 
system is presented in which excitation patterns are generated using a liquid crystal 
on silicon spatial light modulator (SLM). Use of an SLM provides flexibility in pattern 
generation and rapid pattern switching for fast imaging, but also presents technical 
challenges. In particular, the effect of light polarisation state on excitation pattern 
contrast is investigated and quantified using a mathematical model and experimental 
measurements. The SIM system is used for high speed optical sectioning and to 
obtain superresolution images of a range of biological samples from single cells to 
whole biological organisms. 
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Thesis scope and structure 
 
This thesis is concerned with resolution limits in fluorescence microscopy and how 
these can be overcome through the application of adaptive optic (AO) and structured 
illumination (SI) techniques. 
Chapter 1 is a review of relevant background material on optical imaging and 
wavefront aberrations. The basic theory of image formation in widefield and confocal 
fluorescence microscopes is presented leading to a statement of some fundamental 
limits on spatial resolution. Mathematical representation of wavefront aberrations is 
then discussed along with their general effect on imaging. Finally, the different 
sources and characteristics of wavefront aberrations in an optical microscope are 
considered. 
Chapter 2 introduces some of the fundamental concepts in AO microscopy and 
discusses the AO approaches which have been applied to various types of optical 
microscopes and related imaging systems. 
Chapter 3 is concerned with the theoretical and practical aspects of direct 
wavefront sensing in microscopy using fluorescent guide stars. The principle of the 
guide star method is described and followed by an investigation of the method using 
an experimental system for wavefront sensing through a microscope objective. 
Direct wavefront sensing with fluorescent guide stars is then used to measure the 
wavefront aberrations induced by a commonly studied biological organism, the 
C. elegans nematode. The remainder of the chapter considers the use of a confocal 
pinhole to reject out of focus light and improve wavefront sensing in thick samples. 
The properties of a generalised confocal wavefront sensing system are investigated 
and quantified using physical optics simulations. 
Chapter 4 describes a combined widefield and confocal fluorescence 
microscope incorporating a closed loop adaptive optic system. The various parts of 
the optical system are described in detail along with test results. The system is used 
to image both synthetic and biological samples with closed loop correction of 
imaging aberrations. 
Chapter 5 briefly considers how of the vectorial nature of the electromagnetic 
field on may lead to polarisation dependence in the wavefront. Vectorial ray tracing 
methods are used to investigate how the wavefront varies with polarisation state for 
Thesis scope and structure 
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some simple sample structures. Potential implications for adaptive optics schemes in 
high NA imaging systems are discussed. 
Chapter 6 describes a structured illumination fluorescence microscope which 
uses a spatial light modulator to generate spatially modulated excitation patterns to 
improve spatial resolution and reject out of focus light. After an introduction to the 
theory of SI, the optical system and image reconstruction method are described. The 
system is applied for imaging a variety of different fluorescently labelled biological 
samples. 
Finally, in Chapter 7 the principal results of the research presented in this thesis 
are briefly summarised and potential directions for future research are considered. 
10 
 
1 Resolution limits in optical microscopy 
1.1 Image formation in a fluorescence microscope 
The process by which an image is formed in an optical microscope may be 
considered as comprising four processes: illumination of the sample; interaction of 
light with the sample; collection of emitted light; focussing emitted light to form an 
image. Figure 1-1 is a schematic of a generalised optical microscope, showing the 
principal optical elements. Light from a source passes through the condenser lens 
which projects it onto the sample for illumination. Light emitted from the sample is 
collected by an objective lens and then passes through another optical system to the 
detector, which may be a single element device or a camera. In many cases a single 
lens acts as both the condenser and objective lens (episcopic configuration) and 
henceforth both are referred to as the objective lens. For the purposes of this thesis, 
the entrance pupil of the objective lens is defined as the image of the aperture stop 
on the specimen (high NA) side and the exit pupil is the image of the aperture stop 
on the image (low NA) side. By convention the back focal plane of the objective lens 
is referred to as the pupil plane. Modern microscope objectives are usually designed 
to work at infinite conjugates, i.e. the object is at the front focal plane and an image 
is formed at infinity [1]. A separate ‘tube’ lens then forms an intermediate image of 
the object. 
 
Figure 1-1. Schematic diagram of a generalised optical microscope.  
Resolution limits in optical microscopy 
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To a good approximation, the fluorescence process may be considered to be 
spatially and temporally incoherent. In many cases (and for the microscope systems 
considered in this thesis) the illumination may be assumed to be fully spatially 
coherent. Under the scalar approximation (i.e. assuming that the focussing of the 
field is independent of its polarisation state), the complex field at the front focal plane 
of the objective can be written as a scaled Fourier transform of the complex field in 
the pupil plane multiplied by a phase term [2]. 
 𝑈(𝑥, 𝑦) = 𝑒2𝑖𝑘𝑓𝜆𝑓2 � 𝑈(𝑚,𝑛)𝑒−𝑖𝑘𝑓 (𝑚𝑥+𝑛𝑦)𝑑𝑚𝑑𝑛
pupil
, (1-1) 
where (𝑥,𝑦) and (𝑚,𝑛) are image and pupil plane coordinates, 𝑓 is the focal length 
of the lens and 𝑘 is the wavenumber. The intensity in the focal plane is equal to the 
squared modulus of the Fourier transform of the complex field in the pupil, 𝐼(𝑥,𝑦) =|𝑈(𝑥,𝑦)|2. 
The image formed by an incoherent optical imaging system, such as a 
fluorescence microscope, 𝑔2(𝑥,𝑦), can be described by the superposition integral [2] 
 𝑔2(𝑥, 𝑦) = �𝑔1(𝜉, 𝜂)ℎ(𝑥,𝑦; 𝜉, 𝜂)𝑑𝜉𝑑𝜂∞
−∞
, (1-2) 
where 𝑔1(𝜉, 𝜂) is the object and  ℎ(𝑥, 𝑦; 𝜉, 𝜂) is the image intensity at (𝑥,𝑦) in 
response to a point source at (𝜉, 𝜂); the instrumental point spread function (PSF). If 
the imaging system is shift invariant then the PSF is dependent only on the 
difference between the image and object space coordinates and can be written as 
ℎ(𝑥 − 𝜉,𝑦 − 𝜂). By the convolution theorem (1-2) can then be written as 
 𝐺2�𝑓𝑥,𝑓𝑦� = 𝐺1�𝑓𝑥,𝑓𝑦�𝐻�𝑓𝑥,𝑓𝑦�, (1-3) 
where the uppercase quantities are Fourier transforms of the equivalent lowercase 
quantities and 𝐻�𝑓𝑥, 𝑓𝑦� is the optical transfer function (OTF) of the imaging system. 
Resolution limits in optical microscopy 
___________________________________________________________________ 
12 
 
For an aberration free imaging system with a circular pupil the OTF is given by the 
area of overlap between the pupil and a displaced version of itself normalised by the 
total area. From geometrical considerations this can be written 
 𝐻(𝜌) = �2𝜋 �cos−1(𝜌/2𝜚0) − (𝜌/2𝜚0)�1 − (𝜌/2𝜚0)2� ,   𝜌 ≤ 2𝜚00,                                                                               𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒, (1-4) 
where 𝜌 is a radial frequency coordinate and 𝜚0 = 𝑤/𝜆𝑧𝑖 is the coherent cutoff 
frequency for a circular pupil of diameter 𝑤. Spatial frequencies greater than 2𝜌0 are 
thus not passed from the object to the image. 
1.1.1 Widefield and confocal fluorescence imaging 
The OTF of a widefield fluorescence microscope is given by the convolution of the 
normalised pupil function with its complex conjugate 
 𝐻�𝑓𝑥,𝑓𝑦� = 𝑃�𝑓𝑥,𝑓𝑦� ∗ 𝑃�𝑓𝑥,𝑓𝑦�∗. (1-5) 
The pupil function 𝑃�𝑓𝑥,𝑓𝑦� = 𝑎�𝑓𝑥,𝑓𝑦�𝑒𝑖𝑘𝜑�𝑓𝑥,𝑓𝑦�  describes the complex field in the 
pupil plane, where 𝑎�𝑓𝑥,𝑓𝑦� and 𝜑�𝑓𝑥 ,𝑓𝑦� are real-valued amplitude and phase 
functions. 
In a confocal microscope, images are typically built up pointwise by scanning 
the excitation beam across the object. A pinhole positioned at the intermediate 
image plane serves to reject out of focus light but also modifies the system OTF. In 
this case the overall OTF is a convolution of the illumination and detection OTFs [3] 
 𝐻𝑐𝑜𝑛𝑓𝑜𝑐𝑎𝑙�𝑓𝑥, 𝑓𝑦� = 𝐻𝑖𝑙𝑙�𝑓𝑥 ,𝑓𝑦� ∗ 𝐻𝑑𝑒𝑡�𝑓𝑥,𝑓𝑦�. (1-6) 
Thus the OTF of confocal imaging system is dependent on the OTFs of both the 
illumination and detection systems. 
For an ideal confocal system with an infinitesimal pinhole, ignoring differences 
between excitation and emission wavelengths, the illumination and detection OTFs 
are both equal to the widefield OTF and the intensity PSF is equal to the square of 
Resolution limits in optical microscopy 
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the widefield PSF. Figure 1-2 shows the widefield and corresponding ideal confocal 
OTFs for an aberration-free system with a circular pupil. The confocal OTF is higher 
at all finite frequencies and extends to twice the incoherent cutoff (4𝜌0) of the 
widefield case. 
 
Figure 1-2. OTFs of aberration-free widefield (black line) and ideal confocal (red line) 
incoherent imaging systems.  
With a finite confocal pinhole the detection PSF is given by the convolution of 
the intensity PSF for the widefield case with the pinhole transmission function. Figure 
1-3 shows the lateral and axial PSFs of confocal and widefield imaging systems. In 
practice the need to allow sufficient light through the confocal pinhole to achieve an 
acceptable signal at the detector means that pinholes of diameter greater than 1 Airy 
unit (where 1𝐴𝑈 = 1.22𝜆/𝑁𝐴) are typically used and the difference between the 
widefield and confocal PSFs is small. 
Resolution limits in optical microscopy 
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Figure 1-3. PSFs of widefield and confocal imaging systems. Left: lateral PSF as a function of 
pinhole size. Right: axial PSF for conventional (black) and ideal confocal (red) imaging. 
The primary function of the pinhole in a confocal microscope is to reject out of 
focus light and allow the creation of optically sectioned images. The ability of the 
pinhole to reject out of focus light can be determined by modifying the pupil function 
to include a defocus term [3] 
 𝑃(𝑓𝑟) = 𝑐𝑖𝑟𝑐(𝑓𝑟/2𝜌0)𝑒12𝑖𝑢𝑓𝑟2 , (1-7) 
where 𝑓𝑟 is the radial coordinate in the pupil and 𝑢 is a normalised defocus unit 
related to the axial displacement away from the focal plane, z, by 𝑢 = 𝑧4𝑘𝑛 sin(𝛼/2), 
where 𝑁𝐴 = 𝑛 sin𝛼. Figure 1-4 shows the absolute magnitude of the OTF of a non-
confocal (left) and confocal imaging system with an infinitesimal pinhole (right). For 
both systems the magnitude of the OTF decreases with defocus at non zero spatial 
frequencies, however without a confocal pinhole the DC signal is passed by the 
conventional system equally at all values of defocus. With an infinitesimal pinhole the 
DC component of the field reaching the detector decreases rapidly with defocus, this 
is the optical sectioning property of the pinhole. 
Resolution limits in optical microscopy 
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Figure 1-4. OTFs of ideal imaging systems with varying defocus Left: conventional imaging 
system. Right: ideal confocal imaging system 
As the diameter of the pinhole is increased the sectioning property disappears and 
the system response approaches that of a conventional imaging system.  
 
Figure 1-5. Optical section thickness versus pinhole diameter for a confocal imaging system 
with three objective lenses. 
Resolution limits in optical microscopy 
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1.2 Wavefront aberrations in biological microscopy 
1.2.1 Representation of the wavefront: Zernike polynomials 
The aberration function, 𝜑(?̂?), describes the departure of the wavefront from that for 
the corresponding optimum (diffraction-limited) imaging system and can be 
represented as a polynomial expansion of the form 
 𝜑(?̂?) = ∑ 𝑎𝑖𝑍𝑖(?̂?)𝑖 , (1-8) 
where 
 𝑎𝑖 = 𝑊∫𝑑2 ?̂? 𝜑(?̂?)𝑍𝑖(?̂?), (1-9) 
where ?̂? is a unit vector and 𝑊 is the reciprocal of the aperture area, 1/𝜋 for a circle 
of unit radius. 
Zernike polynomials are a convenient and widely used basis to represent 
wavefront aberrations for optical systems with circular pupils. They are orthogonal 
over a unit circle and the lower order terms correspond to classical aberrations such 
as coma, astigmatism and spherical aberration. In general the Zernike polynomials 
are defined   
 𝑍𝑛,𝑚 = �𝑁𝑛,𝑚𝑅𝑛,𝑚 cos𝑚𝜃,         𝑓𝑜𝑟 𝑚 ≥ 0𝑁𝑛,𝑚𝑅𝑛,𝑚 sin𝑚𝜃 ,        𝑓𝑜𝑟 𝑚 < 0,  (1-10) 
for 𝑛 −𝑚 even. 𝑅𝑛,𝑚 are the radial polynomials given by 
 𝑅𝑛,𝑚(𝜌) =  ∑ (−1)𝑠 (𝑛−𝑠)!
𝑠!�𝑛+|𝑚|
2
−𝑠�!�𝑛−|𝑚|
2
−𝑠�!𝜌𝑛−2𝑠𝑛−|𝑚|2𝑠=0 , (1-11) 
and 𝑁𝑛,𝑚 is a normalisation factor. The normalisation scheme used in this thesis is 
𝑁𝑛,𝑚 = 1 for all 𝑛 and 𝑚 unless otherwise stated. An alternative normalisation 
scheme, used by Noll [4], is  
Resolution limits in optical microscopy 
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 𝑁𝑛,𝑚 = �2(𝑛+1)1+𝛿𝑛,𝑚, (1-12) 
where 𝛿𝑛,𝑚is the Kronecker delta function. 
There are various ways of ordering the polynomials, allowing them to be 
represented by a single index. In this thesis terms are ordered first by radial order (𝑛) 
and then by magnitude of the azimuthal frequency (𝑚), i.e. 𝐴0,0, 
𝐴1,−1,𝐴1,1, 𝐴2,0, 𝐴2,−2, 𝐴2,2……. Figure 1-6 shows Zernike modes 3-15 (radial order 2 
to 4) and the corresponding PSF for an optical system with a circular pupil. 
 
Figure 1-6. Zernike modes 3-15 (top) and corresponding intensity PSFs (bottom). Intensity 
PSFs calculated assuming a pupil function with uniform amplitude and phase equal to the 
corresponding Zernike polynomial. 
Despite their convenient properties, Zernike polynomials are not in general 
the optimal basis in which to represent the wavefront aberration. In particular, they 
are not in general statistically independent under a given phase power spectral 
density function. In other words, the Zernike modes present in a set of wavefronts 
Resolution limits in optical microscopy 
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corresponding to a given source of aberration are statistically correlated. This 
correlation is manifested in the existence of non-zero off diagonal terms in the 
covariance matrix of Zernike coefficients. The covariance matrix can be diagonalised 
to yield a statistically orthogonal set of basis functions, known as the Karhunen-
Loève (KL) functions, which are linear combinations of the Zernike polynomials. The 
KL basis is the most efficient basis in which to represent the wavefront in that for a 
given number of correction modes the residual wavefront error is minimised [4]. 
1.2.2 The effect of aberrations 
Wavefront aberrations modify the effective pupil function of an imaging system and 
reduce the OTF [2]. degrading image contrast, the signal to noise ratio and effective 
spatial resolution. Often the OTF is particularly reduced at high spatial frequencies 
decreasing the effective cutoff frequency. As the extent of the OTF decreases, so the 
spatial extent of the PSF increases; blurring the image and reducing effective spatial 
resolution. Aberrations can also result in a complex valued OTF with the effect that 
individual spatial frequencies are phase shifted and can undergo contrast reversal 
with respect to the aberration free image.  
 
Figure 1-7. Simulated PSF (top row) and corresponding fluorescence image (bottom row) in 
the presence of aberrations.  PSF shown in inverted grey scale. Fluorescence images 
simulated by convolution of an unaberrated image of human dermal fibroblasts stained for 
actin (green) and DNA (blue) with the aberrated PSF. Aberration amplitude increases linearly 
from left to right.  
Resolution limits in optical microscopy 
___________________________________________________________________ 
19 
 
Figure 1-7 shows an illustration of the effect of an increasing aberration 
amplitude on a typical image from a fluorescence microscope. The image shows 
several fixed human dermal fibroblast cells stained for actin, a cytoskeletal protein 
(green) and DNA (blue). The images were calculated by convolving the original 
(unaberrated) image with a PSF generated from a weighted sum of low order (radial 
order ≤ 4) Zernike modes. As the aberration amplitude increases (from left to right), 
the PSF becomes more spatially extended blurring the image. High spatial frequency 
content associated with individual actin filaments is lost even for relatively small 
aberration amplitudes. As the aberration amplitudes increases further it becomes 
difficult to resolve even coarse structures such as the gross morphology of the cell 
and to even determine the number of cells in the image. For very large aberration 
amplitudes (far right) the image contains little useful information about the object. 
1.2.3 Sources of aberration in microscopy 
It is convenient to consider separately three sources of wavefront aberration in an 
optical microscope: 
 
1. The optical components of the microscope (such as lenses, mirrors, 
beamsplitters, filters) 
2. Mismatch between the refractive index of the immersion medium of the 
objective lens and the specimen 
3. Inhomogeneities of the refractive index of the specimen itself. 
 
The type, magnitude and relative importance of these different aberration sources 
depends on the specifics of the microscope system and the sample under 
investigation. However, commonality in many aspects of the fundamental optical 
systems and samples does permit some general observations about each of the 
above. 
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Optical components of the microscope 
Modern optical microscopes are often comprised of a large number of individual 
optical components including lenses, mirrors, beamsplitters and filters. Figure errors 
and surface imperfections in these components as well as misalignments between 
them can result in wavefront aberrations, although in a well-designed and 
constructed system such aberrations are likely to be small. Beam scanning systems, 
such as confocal laser scanning microscopes (CLSMs), require extremely high 
quality objective lenses which produce a flat field and correct for axial and off-axis 
aberrations, as well as lateral and axial chromatic aberrations, over a relatively large 
area [1]. An incorrect tube length, the distance from the pupil plane of the objective 
lens to the intermediate image, can result in spherical aberration [5]. In practice this 
can also be caused by incorrect setting of the correction collar on the objective lens 
or by insertion of optical elements into the system after the objective lens. Incorrect 
centration of the objective lens with respect to the other optical elements in the 
system introduces both astigmatism and coma [1]. 
Mean refractive index mismatch 
A microscope objective is designed to work with a specific immersion medium 
(usually air, oil or water) with a particular refractive index. A difference between the 
bulk refractive index of the sample and the immersion medium results in circularly 
symmetric wavefront aberrations, (defocus and spherical aberration). It has been 
noted that spherical aberration, caused by refractive index mismatch, is the major 
source of the reduction in fluorescent signal with focus depth encountered by most 
practicing confocal microscopists [6]. The effect of spherical aberration on the 
performance of various microscopes has been investigated by numerous 
researchers. A geometrical model can be used to describe the wavefront aberrations 
for a single refractive index mismatch in terms of Zernike polynomials [7, 8]. Such a 
model shows that the magnitude of the aberration increases linearly with the 
numerical aperture of the objective lens, the magnitude of the refractive index 
difference and the imaging depth below the interface. Correction of the first two or 
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three orders of spherical aberration is generally sufficient for most practical imaging 
depths (50 to 100 wavelengths). 
In many instances in biological microscopy, specimens are mounted 
underneath a glass coverslip. Imaging is then performed through the immersion 
media, the coverslip and the specimen itself, all of which may have different 
refractive indices. Imaging through such multilayers has been studied extensively [9, 
10]. Again, due to the symmetry of the system, the multilayer structure results in 
spherical aberration and axial focus shift [11]. Many modern microscope objective 
lenses are designed to compensate for the spherical aberration introduced by the 
refractive index difference between the immersion medium and the coverglass. This 
correction is either applied for a fixed coverglass thickness, or in some cases the 
objective lens includes a correction collar to accommodate different coverglass 
thicknesses [12]. 
Specimen non-uniformity 
Perhaps the most interesting source of aberration, and certainly the most difficult to 
characterise in a general sense, is due to non-uniformity of the specimen itself. 
Typical biological specimens are comprised of a large variety of different 
components, including cells, which are themselves composed of various subcellular 
organelles such as nuclei, mitochondria and vesicles, and extracellular components 
and media all of which may have distinct optical properties. The refractive index of a 
cell membrane has been measured to be between 1.46 and 1.60, with values of 1.35 
for the cytoplasm and 1.40 for mitochondria and 1.55 for collagen (a commonly 
occurring protein in mammalian tissue) [13]. These relatively large differences in 
refractive index mean that the optical path length is anisotropic, giving rise to 
wavefront aberrations when imaging inside the specimen. 
Due to the huge variability of biological samples imaged using optical 
microscopes, even those taken from nominally similar specimens, it is difficult to 
generalise the typical aberrations they introduce. However, it is useful to distinguish 
between those samples which are ‘highly scattering’ and appear almost opaque 
when viewed with visible light (this includes many tissues such as skin), and those 
which are optically transparent and give rise to wavefront aberrations which are well 
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described using a relatively small number of low order modes. The latter category 
includes a number of organisms which are widely studied as model biological 
systems, including C. elegans, Zebrafish, and Drosophila as well as small groups of 
cells. It has been suggested that the statistical properties of the aberrations 
introduced by highly scattering biological samples can resemble the phase 
perturbations introduced by atmospheric turbulence [14]. More specifically, analysis 
of phase contrast images of various samples has shown that refractive index 
variations in some mammalian tissues, including parts of the mouse and human 
dermis and intestine and liver, can be described by a power spectral density (PSD) 
function given by [14] 
 Φ𝜙(𝑘) = 4𝜋〈𝛿𝑛2〉𝐿02(𝑚− 1)
�1 + 𝑘2𝐿02�𝑚  (1-13) 
which is similar to the Kolmogorov spectrum often used to model atmospheric 
turbulence, where 𝛿𝑛2is the variance in refractive index inhomogeneity, 𝐿0 is the 
outer scale and 𝑚 is a fitting parameter. Figure 1-8 shows the power spectrum of 
refractive index inhomogeneities according to this model for a range of parameters 
corresponding to different biological tissues. The figure inset shows that there is a 
qualitative similarity between a phase screen generated using the fitted model for 
biological specimens and a phase screen created by a model describing the 
turbulent atmosphere. Other researchers have noted the applicability of fractal 
models, used to describe light scattering in the atmosphere and from surfaces, to 
biological media [15]. 
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Figure 1-8. Power spectral density for some typical biological tissues assuming a turbulence-
like spectrum of refractive index inhomogeneity. Fitting parameters shown in legend. Inset 
top: example phase screen generated using model with typical parameters for biological 
tissue (m = 1.34, L0 = 4 μm). Inset bottom: phase screen generated from the Kolmogorov model 
of atmospheric turbulence. 
Various measurements have been performed on weakly scattering biological 
samples in order to determine the wavefront aberrations they induce in an optical 
microscope. Interferometric measurements on a range of samples with a high NA 
objective lens showed that the wavefront can be accurately represented by a 
relatively small number of low order Zernike modes (up to mode #22) [16]. Although 
for a thick sample (90 μm) there were significant high spatial frequency components 
in the wavefront. For all samples studied, the Zernike mode coefficients generally 
decreased in magnitude with increasing radial order and the aberration amplitude 
was found to increase significantly with the numerical aperture of the objective. 
Direct wavefront sensing methods have also been employed to measure the 
aberrations introduced by biological specimens. Measurements using fluorescent 
beads as artificial guide stars at depths of between 40 μm and 100 μm inside a 
Drosophila embryo [17, 18] also found the magnitude of the Zernike coefficients 
decreased with increasing mode number, with very small coefficients for modes 
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above #25. Measurements performed using fluorescent proteins as guide stars [19] 
again found a similar trend. Other researchers used a modal-based AO system for 
3D mapping of the aberrations in biological samples [20]. At large depths, up to 
105 μm, in human skin biopsies and mouse brain slices the observed aberrations 
amplitudes were found to be very large, with a root mean square (rms) wavefront 
aberration of greater than 2π. Correction of low order Zernike modes was shown to 
significantly reduce the wavefront error and improve image quality. Ray tracing 
simulations have showed the aberrations introduced by spherical (cell-like) and 
cylindrical (fibre-like) structures again showed can be effectively described by a 
relatively small number of low order Zernike modes [21].  
Finally it is noted that the use of optical clearing agents can significantly 
reduce high frequency scattering in many tissues, increasing achievable imaging 
depths [22, 23]. In such samples, low order refractive aberrations are likely to be a 
significant cause of image degradation [24]. 
25 
 
2 Introduction to adaptive optics in 
microscopy 
2.1 Fundamentals of a closed loop adaptive optic system 
A closed loop adaptive optic system is comprised of three principal elements: a 
wavefront corrector; a wavefront sensor (WFS); and a control system linking them 
together. Figure 2-1 is a schematic diagram of a typical closed loop AO system in 
which the incoming (aberrated) wavefront is flattened by reflection from a deformable 
mirror (DM). Part of this reflected beam is picked off with a beamsplitter and sent to a 
wavefront sensor. The signal from the sensor is then input to the control system 
which computes the signal to send to the DM in order to flatten the wavefront. 
 
Figure 2-1. Schematic diagram of a closed loop adaptive optic system 
Introduction to adaptive optics in microscopy 
___________________________________________________________________ 
26 
 
Wavefront correction is typically done using either a DM or alternatively using 
a spatial light modulator (SLM) depending on the application. DMs offer the 
advantage of wavelength insensitivity and a relatively high temporal correction 
bandwidth (often several kHz), however this typically comes at the expense of a 
smaller number of spatial correction modes. There are a wide range of different DM 
technologies including those based on piezoelectric, electrostatic, electromagnetic 
actuation and the performance of a number of such devices has been assessed for 
correction of ocular and atmospheric wavefronts [25] and correction of spherical 
aberration in a microscope [26]. Errors in beam position are often corrected 
dynamically by separate tip-tilt mirrors (wavefront tilt) and tuneable lenses (defocus). 
One of the first documented AO schemes in microscopy used a tip-tilt mirror and a 
position sensitive detector to correct deviations in the position of the focused light 
spot in a confocal transmission microscope [27]. 
By virtue of their large numbers of pixels, SLMs allow correction of a large 
number of spatial aberration modes (with typical display resolutions of SVGA or 
higher), however they typically suffer from relatively slow refresh rates (often around 
60 Hz for devices based nematic liquid crystals) or low diffraction efficiency (for 
ferroelectric liquid crystal devices). Furthermore the phase modulation provided by 
an SLM is wavelength dependent. Aligned liquid crystals only modulate the phase of 
the electric field along a particular axis; hence SLMs are generally used with a fixed 
linear polarisation state. 
 A range of different techniques exist for wavefront sensing in adaptive optic 
systems. Examples include various interferometric techniques such as the point 
diffraction interferometer [28], a common path technique in which a reference 
wavefont is created by diffraction of part of the test beam through a pinhole. Notable  
non-interferometric methods include curvature sensing [29], in which the local 
wavefront curvature is calculated from the irradiance measured in two axially 
separated planes,  and pyramid wavefront sensing [30] where the local wavefront tilt 
is determined from multiple images of the aperture acquired through a prism. 
However, the most commonly used wavefront sensor is the Shack-Hartmann 
wavefront sensor (SHWFS) [31]. A SHWFS comprises an array of lenslets with a 
sensor array (camera) at the focal plane. The mean wavefront tilt over each lenslet is 
determined from the difference in position of the corresponding focussed spot of light 
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on the camera. The wavefront in the lenslet plane is reconstructed from the 
measured tilts using either a zonal or modal method. A zonal reconstructor seeks to 
match up the measured phase at the edge of each subaperture, whereas in a modal 
reconstruction a set of basis functions are fitted to the measured sensor response. 
2.2 Implementations of adaptive optics in microscopy 
In most cases the purpose of an adaptive optic system in a microscope is to correct 
wavefront aberrations to restore optimal imaging. A notable exception to this being 
the use of wavefront coding [32] in which aberration modes are added to the 
wavefront in order to enhance some aspect of the imaging system. For example 
introducing spherical aberration can increase the depth of field at the expense of 
spatial resolution [33]. In general, the wavefront is controlled (and measured) in a 
plane conjugate to the pupil of the microscope objective. Effectively this assumes 
that the combined effect of all sources of aberration in the optical system (including 
the specimen) can be represented by a single phase screen in the pupil plane. By 
modifying the phase in the pupil plane such that the wavefront is the conjugate of the 
aberration induced by the sample, an ideal diffraction limited focus is formed at the 
Gaussian image plane of the objective lens. This is illustrated in Figure 2-2. 
AO systems in ground-based astronomical telescopes typically measure 
wavefront aberrations introduced by the Earth’s atmosphere using a point source or 
guide star close to the object of interest [31]. A guide star is typically a nearby star 
(natural guide star) or a light source created in the atmosphere using a high power 
laser (laser guide star). Laser guide stars may be generated by excitation of sodium 
atoms in the mesosphere approximately 90 km above the Earth’s surface [34] or 
from Rayleigh scattering closer to the Earth’s surface. In either case, the guide star 
radiates spherical wavefronts which become aberrated they propagate through the 
Earth’s turbulent atmosphere. The guide star thus permits a measurement and 
subsequent correction of the local wavefront aberration. One of the most significant 
challenges in applying AO methods to optical microscopy is a lack of such guide 
stars, and as a result, researchers have come up with several different schemes to 
provide feedback to the correcting element. These methods may be categorised 
depending on whether they employ direct or indirect wavefront sensing to determine 
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the wavefront aberration. Direct methods use a sensor, such as a wavefront sensor 
or interferometer, to measure the phase of the light field. In indirect methods the 
aberration is inferred, usually from a series of images of the specimen. 
 
Figure 2-2. Formation of a diffraction limited focus in an aberrating medium by pre-aberration 
of the wavefront in the pupil plane of the objective lens. 
2.2.1 Indirect wavefront sensing methods 
For many AO systems in microscopy feedback to the wavefront correcting element is 
provided by the acquired image itself. An early example of this is the modal 
wavefront sensing scheme [35] in which the amount of a given mode in the 
wavefront is inferred by applying bias aberrations from an orthogonal basis set such 
as the Zernike polynomials. For each applied bias, the light intensity transmitted 
through a pinhole in the Fourier plane of the aperture, 𝐴, is recorded with a detector. 
The coefficient, 𝑏, of a given mode, 𝑍𝑘(𝒓), in the wavefront expansion is related to 
the sensitivity, 𝑆, of the detector to the difference in intensity, ∆𝐼, when equal and 
opposite amounts, 𝑎, of the applied bias aberration, 𝑍𝑘(𝒓) by 
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 𝑆 = 𝜕∆𝐼
𝜕𝑎
�
𝑎=0
≈ −4𝑏𝐴𝐶𝛿𝑖,𝑘, (2-1) 
where 𝐶 is the orthogonality constant and 𝛿𝑖,𝑘 is the Kronecker delta. This technique 
has been implemented with a binary phase spatial light modulator (SLM) for 
aberration correction in a two photon fluorescence microscope [36] and with a 
membrane DM in a confocal [37] microscope. Binary phase SLMs have also been 
used to control the amplitude, phase and polarisation of the illumination beam in a 
confocal laser scanning microscope (CLSM) [38] and for generating vector beams 
such as shaped de-excitation beams for stimulated emission depletion microscopy. 
A similar image-based aberration correction scheme has been implemented in a two 
photon fluorescence microscope [39], with the amplitudes of the various aberration 
modes determined by the effect of bias aberrations on the mean intensity of the 
image. The modal AO scheme has also been used in a combined third harmonic 
generation, second harmonic generation and two photon fluorescence microscope 
[40] using image sharpness as the measurement metric. 
Pupil segmentation is an alternative image based wavefront sensing method 
which has been demonstrated in a two photon fluorescence microscope [41, 42]. 
The pupil of the microscope objective lens is divided into a number of subregions. 
The mean wavefront tilt over each subregion is then determined from the shift in the 
image position, determined by centroiding or image correlation, when that particular 
subregion is illuminated. By sequentially illuminating all subregions the total 
wavefront over the pupil can be reconstructed. 
 Several practical applications of AO in microscopy involve the use of 
optimisation strategies in which the wavefront is perturbed in order to maximise or 
minimise a particular property of the acquired image [43, 44]. The advantage of 
these techniques is that they require no direct measurement of the aberrated 
wavefront. The downside is that the rate at which images can be acquired is 
significantly reduced, as multiple images are required in order to optimise the 
correction. In addition, it can be difficult to define a simple, measurable, image 
quality metric that is directly related to the wavefront aberration. A further 
consideration is total light exposure, with larger exposures resulting in increased 
photodamage such as photobleaching and, in the case of live specimens, phototoxic 
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effects. Such image optimisation methods have been demonstrated in two photon 
fluorescence microscopy using genetic learning [45] and hill climbing algorithms [46] 
to maximise the intensity of the fluorescence signal. 
Phase conjugation or wavefront shaping methods have been used to allow 
focussing through high scattering (turbid) media such as biological tissue [47, 48]. In 
an approach somewhat similar to the coherent optical adaptive techniques used for 
phased array focussing in radar systems [49], an SLM introduces local phase 
changes across the beam diameter such that the scattered wave components 
interfere to create a focus at the desired location. A limitation of such techniques is 
that they generally require access to the beam at the focal plane in order to 
determine the necessary wavefront shape which must be applied. 
2.2.2 Direct wavefront sensing methods 
A conceptually attractive approach to direct wavefront in microscopy is to measure 
the aberration using back scattered light from the specimen. This approach has been 
shown to be effective in widefield microscopy [50], however applying this method to 
wavefront sensing in an extended object is complicated by the fact that the wavefront 
sensor receives wavefronts originating from different depths throughout the sample. 
One solution to this problem is to employ a coherence gate to exclude light 
originating from above or below the focal plane of the objective. In practice this can 
be achieved using a light source with a relatively short coherence length such as a 
titanium sapphire laser [51] or a light emitting diode [52]. Some of the illumination 
light is sent through the objective lens and the remainder through a reference arm. 
When the optical path length in the sample and reference arms is the same to within 
the coherence length of the source, the two beams interfere and the resulting 
interferogram is recorded using a detector array. Different depths within the sample 
are then probed by varying the length of the reference arm using a mirror mounted 
on a piezoelectric actuator. Such an approach has been used for aberration 
correction in a two-photon fluorescence microscope [53] for imaging of a live 
specimen. The rejection of backscattered excitation light has also been achieved 
through the use of a confocal pinhole and this approach has been used for closed 
loop AO in a two-photon fluorescence microscope [24]. In this case it is important to 
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balance the need for thin optical sections, which requires a small pinhole, with the 
need to use a large pinhole to minimise its effect on the wavefront originating from 
the focal plane. 
Other researchers have sought to apply direct wavefront sensing AO schemes 
to linear fluorescence microscopes using guide stars created by excitation of 
artificially introduced fluorescent microspheres [17, 18] or fluorescent proteins [19]. 
One attraction of this method is that the excitation and emission properties of the 
guide stars may be distinct from the fluorescent labels used for imaging, allowing 
them to be excluded from the image of the specimen. However, the use of such 
guide stars can be invasive and measurement of the wavefront is only possible at 
discrete points within the sample volume. 
2.2.3 AO in other high NA imaging systems 
AO techniques have been used in a variety of other high NA imaging applications 
where performance is degraded by refractive wavefront aberrations. One such 
example is the correction of spherical aberration for recording data in 3D optical 
memory [54]. Correction of wavefront aberrations using DMs and SLMS has been 
shown to improve focussing of laser light for fabricating structures inside transparent 
dielectrics [55] and to allow the laser machining of μm-sized defects in diamond [56]. 
Optical tweezers are another class of optical system to which AO has been 
applied. In an optical tweezer setup, wavefront aberrations tend to increase the size 
of the focal spot, degrading the quality of the optical trap. DMs and SLMs have been 
used to correct spherical aberration and restore trap stiffness [57] and to correct 
higher order aberrations enabling more effective focussing inside turbid media for 
improved optical trapping and manipulation [58]. 
Differences in the optical properties of the object within which the light is 
focussed, the characteristics of the illumination light and experimental requirements 
mean that AO techniques developed for one high NA focussing system are not 
necessary directly applicable to others. However, it may be expected that, given the 
fundamental similarities in the optical systems, advances in AO in one area may be 
more widely applicable. Further, more recent applications of AO, such as 
microscopy, may benefit from the adoption of wavefront sensing, control, and 
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correction techniques developed for applications in which the use of AO is more 
established, such as ground based astronomy. 
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3 Wavefront sensing in a fluorescence 
microscope using guide stars 
3.1 Introduction 
AO systems in ground-based astronomical telescopes often rely on guide stars to 
measure the wavefront aberrations introduced as light from a distant object 
propagates through the Earth’s atmosphere [31]. Guide stars may be naturally 
occurring bright point-like sources such as stars close to the object of interest. 
Alternatively artificial laser guide stars can be created in the Earth’s atmosphere 
using the Rayleigh scattered light or fluorescent emission when sodium atoms in the 
mesosphere are excited with a high power laser [34, 59]. This chapter considers 
application of the guide star concept to AO systems in microscopy using spatially 
confined fluorescent emission. Following a description of the underlying 
measurement principles, fluorescent guide stars are used for wavefront sensing in a 
synthetic phantom sample and a biological organism. The effectiveness of using a 
confocal pinhole in front of the wavefront sensor to reduce out of focus light is 
investigated using Fourier optics simulations. Finally, the merits of the guide star 
method are discussed in relation to other approaches for wavefront sensing in 
microscopy. 
3.2 Fluorescent guide stars in microscopy 
Fluorescent guide stars were first proposed as point sources for wavefront 
sensing in microscopy to enable measurement of the PSF [60]. More recently both 
microspheres loaded with fluorescent dye [17, 18] and fluorescent proteins [19] have 
been used for wavefront sensing in AO fluorescence microscope systems. The 
principle behind this method is illustrated in Figure 3-1. A guide star is excited and 
emits light which propagates through the specimen. Anisotropy in the optical path 
length caused by non-uniformity of the specimen causes the wavefront to become 
aberrated as it travels to the entrance pupil of the objective. The spectral shift 
between fluorescence excitation and emission wavelengths allows any elastically 
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scattered light to be filtered out and the aberrated wavefront is measured in the pupil 
plane. 
 
Figure 3-1 - Wavefront sensing through a microscope objective using a fluorescent guide star.  
The wavefront of the light emitted by the guide star becomes aberrated as it propagates 
through the specimen and is measured in the pupil plane of the objective lens 
Each guide star permits a measurement of the wavefront corresponding to a 
single location in the object. The non-uniformity of the specimen means that light 
propagation is anisoplanatic and the wavefront in the entrance pupil is dependent on 
both the transverse position of the guide star in the focal plane (angular 
anisoplanatism) and its axial position (focal anisoplanatism) (see Figure 3-2). 
Anisoplanatism imposes a limitation on the volume of the specimen over which a 
given wavefront measurement and correction is adequate. The field of view over 
which is given wavefront measurement is valid can be characterised by the 
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isoplanatic angle, 𝜃0, which is defined as the angular range over which the wavefront 
variance, given by 
 𝜎𝜃2 = 〈�𝜑(𝒓, 0) − 𝜑�𝒓,𝜃02��2〉, (3-1) 
is equal to one radian [31]. The isoplanatic patch size is the product of the 
isoplanatic angle and the focal length of the microscope objective. 
In principle, the size of the corrected field of view may be increased using a 
multi-conjugate AO scheme (MCAO) [61]. In a MCAO system multiple wavefront 
measurements are performed in order to determine and correct the wavefront 
aberration in several planes along the optical axis. One MCAO approach uses 
multiple guide stars to measure a series of 2D phase profiles along several 
directions. Tomographic inversion then allows the wavefront to be determined in a 
number of discrete planes which are perpendicular to the optical axis. Simulations 
have suggested that MCAO approaches can improve imaging performance in 
microscopy [62], however these gains must be offset against the significantly 
increased complexity of the optical system.   
 
Figure 3-2. Angular and focus anisoplanatism in microscopy.  Left (angular anisoplanatism): 
difference in transverse position of the guide star means the portion of the wavefront which 
reaches the entrance pupil has passed through a different part of the specimen. Right (focus 
anisoplanatism): the solid angle subtended by the entrance pupil at the guide star, depends on 
its axial position. 
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Ideally, guide stars should be sufficiently spatially separated that light emitted 
from only one guide star reaches the wavefront sensor at a given time. It has been 
reported that in microscopy, the rate of change of wavefront aberration with distance 
is greater in the direction parallel, rather than perpendicular, to the optical axis [63], 
which implies different optimal spacing of the guide stars in the axial and transverse 
directions. The ability of the wavefront sensing system to reject light from guide stars 
distant from the focal plane must also be considered. 
In a Shack-Hartmann wavefront sensor the local wavefront tilt is commonly 
determined by centroiding images of the light source (spots). Each spot is given by a 
convolution of the PSF of the lenslets with the object and as a result, if the guide star 
is of a size similar to or greater than the PSF then it results in a larger spot at the 
SHS camera. As the size of the spot approaches the size of the subaperture then 
overlapping of spots corresponding to different subapertures may introduce errors. A 
further consideration is the brightness of the guide star since photon shot noise 
degrades the tilt estimation and subsequent wavefront reconstruction [64]. 
As a guide star moves away from the optical axis the wavefront in the pupil 
plane becomes tilted. As the guide star moves along the optical axis the wavefront in 
the pupil plane is defocussed. From geometrical considerations, the tilt angle, 𝜃, and 
the radius of curvature, 𝑅, of the wavefront are related to the lateral displacement, 
∆𝑟, the axial displacement, ∆𝑧, and the focal length of the objective lens, f, by 
 
tan𝜃 = ∆𝑟
𝑓
 
𝑅 = (𝑓 + Δ𝑧)𝑓′
Δ𝑧
, (3-2) 
where the second expression follows from the thin lens equation. In some cases it is 
appropriate to remove tip, tilt and defocus modes from the system as they simply 
displace the image laterally or axially [65] and can use a significant amount of the 
stroke of the correcting element. 
3.3 Experimental results with artificial guide stars 
Figure 3-3 shows a schematic diagram and photograph of an experimental system 
built to investigate the use of fluorescent guide stars for wavefront sensing through a 
Wavefront sensing in a fluorescence microscope using guide stars 
___________________________________________________________________ 
37 
 
microscope objective lens. The collimated output from a 635 nm laser diode pigtailed 
to a single mode fibre is collimated by lens (L1). The beam diameter is then reduced 
with an aperture such that the beam slightly overfills the pupil of the objective lens. 
Fluorescent emission from the sample is collected by the objective lens, reflects off a 
beamsplitter and passes and through a 4f imaging system (comprising a pair of 
positive achromatic doublet lenses) which images the pupil plane of the objective 
onto the lenslet array of the SHWFS and a science camera. A pinhole (PH) in the 
back focal plane of the first relay lens (L2) allows rejection of the out-of-focus light for 
confocal imaging. In practice a large pinhole diameter was used to minimise spatial 
filtering of the emitted wavefront. A notch filter (F) after the second relay lens (L2) 
blocks the reflected laser light and passes the longer wavelength fluorescent 
emission. 
The wavefront tilt over each subaperture was determined from the 
displacement of the corresponding spot centroid in the Hartmanngram relative to a 
reference Hartmanngram obtained using a single fluorescent microsphere in the 
focal plane of objective lens. The wavefront over the pupil was reconstructed by 
minimising the error between the sensor response and an expansion of Zernike 
modes [66]. Samples were mounted on a 3-axis DC stepper motor driven translation 
stage with sub μm positioning accuracy. 
To test this system, 1 μm diameter crimson fluorescent microspheres 
(Fluospheres, Invitrogen) were distributed inside a transparent matrix. The 
microspheres were mixed into a polyacrylamide gel solution, before the mixture was 
sonicated to disperse the microspheres and then cast inside a glass chamber. Figure 
3-4 shows a 3D reconstruction of the gel-microsphere system created from a series 
of confocal image slices. The mean number density of the microspheres was 
measured to be approximately 1 per (70 μm) 3. 
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Figure 3-3. System for wavefront sensing through a microscope objective. Top: schematic 
diagram showing principal optical components. Bottom: dual exposure photograph of the 
system. 
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Figure 3-4. 3D rendering of gel-microsphere matrix.  Image shows a volume 600 μm x 600 μm x 
400 μm imaged using a laser scanning confocal microscope. 
Assuming the gel has a uniform refractive index and a planar upper surface, the 
wavefront aberration, 𝜑(𝑑,𝜌) measured for a microsphere at a depth 𝑑 below the 
surface is given by [7] 
 𝜑(𝑑,𝜌) = ��csc2 𝛽 − 𝜌2 − �csc2 𝛼 − 𝜌2�𝑑𝑛1 sin𝛼. (3-3) 
This can be expanded as a sum of circularly symmetric Zernike modes given by 
 𝜑(𝑑,𝜌) =  �𝑎0,0 + ∑ 𝑎𝑛,0𝑍𝑛,0(𝜌)∞𝑛=2 �𝑑𝑛1sin 𝛼, (3-4) 
where 𝜌 is the normalised radial coordinate in the pupil, and 𝑛1𝑠𝑖𝑛𝛼 is the NA of the 
objective lens. Using the Noll normalisation scheme (eqn. (1-12)), the Zernike 
coefficients are given by 
 𝑎𝑛0 = 𝑏𝑛(𝛼) − 𝑏𝑛(𝛽), (3-5) 
where 
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 𝑏𝑛(𝛾) = �1 − �𝑛−1𝑛+3� tan4(𝛾/2)� tan𝑛−1(𝛾/2)2(𝑛−1)√𝑛+1. (3-6) 
The shape of the wavefront is thus determined solely by the refractive indices of the 
immersion medium and sample and the NA of the objective lens. The aberration 
amplitude is directly proportional to the focussing depth. 
 
Figure 3-5. Wavefront measurements in a polyacrylamide gel using fluorescent microspheres.  
Top: measured wavefront with tilt and defocus terms removed. Bottom: coefficient of Zernike 
mode Z4,0 in the wavefront expansion. 
By translating the gel matrix in 3D, individual microspheres were excited at 
different depths throughout the sample. Figure 3-5 shows the results of wavefront 
measurements using microspheres up to 1.3 mm below the air-gel interface using a 
50x / 0.5 air objective lens (LMPLFLN, Olympus). The upper part of the figure shows 
the measured wavefront, with tip, tilt and defocus terms removed, displayed as an 
interferogram. As expected, the wavefront is dominated by first order spherical 
aberration (Z4,0); the plot underneath shows the measured coefficient of first order 
spherical aberration. In line with theoretical predictions, the amount of first order 
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spherical aberration increases linearly with depth below the surface of the gel. The 
outliers at depths of 1 mm and 1.1 mm may be attributable to light from multiple 
microspheres at different depths in the gel reaching the detector simultaneously, 
highlighting one of the challenges of wavefront sensing in a 3D object. 
From equations (3-4) - (3-6) the rate of change in the amount of first order 
spherical aberration with depth is given by [𝑏4(𝛼) − 𝑏4(𝛽)]𝑛1 sin𝛼, hence the 
refractive index of the gel can be estimated from the rate of change in the aberration 
coefficient with imaging depth. A least squares linear fit to the data in Figure 3-5 
gives a gradient of 4.86x10-4, which implies a refractive index of 𝑛2 = 1.41+0.16−0.11; 
where the uncertainty bounds are based on the lower and upper values for the 
gradient of the fit at the 95% confidence level. The refractive index of the gel is 
difficult to measure directly, in part because the gel tends to dehydrate over time, 
however this value is in agreement with typical reported refractive index of 
polyacrylamide gel solutions which are between 1.33 and 1.47 [67]. 
3.4 Wavefront statistics in biological imaging 
3.4.1 Specimen induced aberrations in C. elegans 
A modified form of the wavefront sensing system described in section 3.3 was used 
to measure the aberrations introduced when imaging through adult C. elegans 
specimens (the detailed experimental setup is described in section 4.2). C. elegans 
is a transparent nematode worm (see inset to Figure 3-6) which is one of the most 
widely studied model systems in biological research, due in part to its transparency 
at optical wavelengths and the relative simplicity of its nervous system. Adult N2 
C. elegans specimens were pretreated with 4% paraformaldehyde for 30 minutes 
and mounted in M9 buffer on a glass coverslip. A second glass coverslip, which had 
been pre-coated with a thin layer of red fluorescent dye (Alexa Fluor 633, Molecular 
Probes), was placed on top of the specimens and sealed with nail varnish. 
Wavefront measurements were performed using a custom-built fluorescence 
microscope incorporating a Shack-Hartmann wavefront sensor (SHWFS). The local 
wavefront aberration was measured at positions throughout the specimens using 
guide stars created by illuminating a small area of the fluorescent dye underneath 
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the specimen with the focused output of a 635 nm laser diode. Even considering the 
increase in the size of the illumination spot due to imaging aberrations, the size of 
the guide star was still significantly smaller than the diffraction limit of the lenslets in 
the SHWFS. As such, each guide star was considered to be a good approximation to 
a point source. 
The fluorescent emission from each guide star was collected by the objective 
lens (LMPLFLN 100x / 0.8, Olympus) of the microscope and the field in the pupil was 
imaged onto the lenslet array of the SHWFS by achromatic doublet lenses arranged 
in a 4f configuration. A fluorescence filter blocked backscattered light from reaching 
the WFS. Following spot centroiding and tilt calculation,  the wavefront over the pupil 
was computed using a modal reconstruction with a Zernike basis [66], with 20 
subapertures across the diameter of the pupil. In order to isolate the aberrations 
induced by the specimen, each wavefront was calculated relative to a measurement 
taken from a point just outside the body of each worm. Measurements were 
performed at 40 locations within the outer cuticle of two C. elegans specimens. 
These locations were distributed approximately uniformly throughout the body of 
each specimen with each measurement point separated by approximately 40 μm. 
The results of these wavefront measurements are shown in Figure 3-6. The 
measured rms wavefront aberration was between λ/15 and λ/5 with a mean of λ/10. 
In general, both the mean magnitude and standard deviation of the Zernike 
coefficients decreases with increasing radial order. The exception is the significant 
amount of first order spherical aberration (Z4,0) caused by the difference in refractive 
index between the specimen and the immersion medium of the objective lens (air) 
[26]. These results are consistent with measurements performed on various model 
biological organisms and tissues including other C. elegans specimens [16-20, 68]. 
For many of these samples the wavefront in the pupil of the objective lens was found 
to be well represented by a relatively small number of low order Zernike modes 
(typically ≤ 36) with the mode coefficient decreasing with increasing radial order and 
azimuthal frequency. Ray tracing approaches have also been used to examine the 
aberrations induced by some structures commonly encountered in biological imaging 
including spherical (cell-like) and cylindrical (fibre-like) objects [21]. Again the results 
show that such features result in a wavefront which can be effectively described by a 
relatively small number of low order Zernike modes which tend to decrease in 
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amplitude with increasing mode number. As such it may be suggested that this data 
represents a fair approximation to the typical wavefront statistics often encountered 
in biological microscopy. 
 
Figure 3-6. Mean magnitude (blue bars) and standard deviation (red bars) of Zernike 
coefficients for 40 wavefront measurements performed throughout two C. elegans specimens. 
The mean rms wavefront aberration was λ/10. Inset shows a differential interference contrast 
image of parts of two C. elegans specimens. 
3.4.2 Approximation of wavefront statistics in biological microscopy 
using a power law power spectral density function 
Due to the diversity and variability of the samples it is difficult to generalize the 
sample induced aberrations encountered in biological microscopy. However, as has 
been discussed previously, for a number of common biological specimens the 
wavefront in the pupil of the objective lens has been found to be well represented by 
a relatively small number of Zernike modes (typically ≤ 36). The amplitude of the 
modal coefficients decreases with increasing radial order and azimuthal frequency. 
Given that higher order modes generally contain more power at higher spatial 
frequencies (at least in the radial and azimuthal directions), this suggests that the 
underlying power spectral density (PSD) function of these wavefront aberrations may 
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be approximated by a function which decays with increasing spatial frequency, 
where the power spectral density function describes the spectral power in the 
wavefront as a function of spatial frequency [68] 
 Φ𝜙�𝑘𝑥,𝑘𝑦� = |ℱ{𝜙(𝑥,𝑦)}|2. (3-7) 
A simple choice is to try and represent the statistics of wavefront aberrations induced 
by biological specimens given by a simple power law PSD of the form 
 Φ𝜙(𝑘𝑟) = �𝐶𝑘𝑟−𝑚,                     𝑘𝑟 > 00,                   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 , (3-8) 
where the normalization constant, 𝐶, and the exponent, 𝑚, characterize the strength 
and relative power of the various spatial frequencies in the phase of the field. Such 
power law distributions are ubiquitous in nature and as such represent a reasonable 
choice of model in the absence of more specific information. The choice of such a 
PSD requires few assumptions about the aberrating medium other than that the 
phase function in the pupil is scale invariant. A somewhat similar functional form has 
been shown to describe the PSD for highly scattering mammalian tissues [14].  
A phase screen may be generated from a defined PSD using 
 𝜙(𝑥, 𝑦) = ℜ�ℱ �𝐴�𝑘𝑥𝑘𝑦��Φ𝜙�𝑘𝑥𝑘𝑦���, (3-9) 
where 𝐴�𝑘𝑥, 𝑘𝑦� is a sampled random field drawn from normal distribution with zero 
mean and unit variance and ℛ denotes the real part of the field. An ensemble 
average over a large number of such phase screens has the same spectral power 
distribution as the PSD used to create the individual phase screens. Figure 3-7 
shows the mean magnitude of Zernike coefficients calculated for 380 phase screens 
generated using a power law PSD with 𝑚 = 2, 3, 4 and 5. In this case Zernike 
polynomials are normalised using the Noll scheme (eqn. (1-12)). As 𝑚 increases, the 
coefficients corresponding to higher order Zernike modes are reduced in magnitude 
and the phase screen is increasingly well described by a small number of low order 
aberration modes. 
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Figure 3-7. Normalised magnitude of Zernike coefficients in power law phase screens 
calculated for power law PSDs with m = 2 (red), 3 (orange), 4 (green) and 5 (blue). Results 
shown are the mean of 380 phase screens generated from each PSD. 
The phase structure function is a measure of the spatial correlation of the 
phase at different length scales within the pupil and is defined by 
 𝐷𝜌(|𝒓|) =  〈�𝜙(𝒓′) − 𝜙(𝒓′ + 𝒓)�2〉, (3-10) 
where the brackets < > denote an ensemble average. Figure 3-8 shows estimates of 
the phase structure function from the wavefront measurements for the C. elegans 
specimens, along with the structure functions corresponding to phase screens 
generated from a power law PSD with 𝑚 = 2.5. The blue lines are estimates of 
C. elegans structure functions obtained by averaging the squared phase difference 
along 15 radial slices through the measured wavefront. The black line shows the 
mean phase structure function for a power law PSD with 𝑚 = 2.5 (calculated from 
100 phase screens). Also shown (dashed red lines) are the squared phase 
differences for 10 individual phase screens generated using the same PSD. The two 
C. elegans specimens share broadly the same structure function. The structure 
function calculated using the power law PSD overestimates the spectral power at 
very high and low spatial frequencies and underestimates the power at moderate 
spatial frequencies. These differences indicate that the actual PSDs associated with 
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the specimens are not truly scale invariant, which is to be expected given that the 
organism comprises organs, cells and subcellular structures each of particular size. 
However, the model structure function exhibits the same general trend as the 
measured data, suggesting that a power law PSD is a reasonable approximation in 
this case. 
 
Figure 3-8. Estimated phase structure functions for two C. elegans specimens (blue lines), 
calculated from 40 individual wavefront measurements made throughout the bodies of the 
specimens. Black line shows the structure function for a power law PSD with m = 2.5, dashed 
red lines show squared phase differences for 10 individual phase screens generated using the 
same PSD. 
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3.5 Confocal wavefront sensing 
3.5.1 Description of the confocal wavefront sensor 
Direct wavefront sensing in microscopy is complicated by the presence of unwanted 
signals caused by background light sources or interreflections and scattering. A 
seemingly simple solution to this is to utilize the optical sectioning provided by a 
pinhole in the Fourier plane of the pupil of the objective lens to create a confocal 
wavefront sensor (CWFS). However, the pinhole modifies the field at the wavefront 
sensor, potentially introducing errors into the measurement [69]. The question then 
arises as to whether such a scheme is a practical solution for removing out of focus 
light and if so how to determine the optimal size of the confocal pinhole. 
The basic confocal wavefront sensing arrangement is shown in Figure 3-9. 
Lenses L2 and L3 form a 4f system which images the pupil plane of the objective lens 
(L1) onto the WFS plane, represented here as the lenslet array of a Shack-Hartmann 
wavefront sensor. A pinhole at the back focal plane of L2 serves to reject light 
originating away from the front focal plane of L1. 
 
Figure 3-9. Schematic diagram of the generalized confocal wavefront sensor. Blue dashed 
lines show the object and intermediate image plane, red dashed lines show the pupil plane of 
lens L1 and its image at the wavefront sensing plane. 
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The effect of a spatial filter on the phase of a complex field has been 
investigated extensively in reference [70], in order to determine the effect of a spatial 
filter on the performance of a closed adaptive optic system in a ground-based 
telescope. Following this approach, the field in the pupil plane of L1 can be written in 
terms of a real amplitude function, 𝑎(𝑥,𝑦), and a real phase function, 𝜙(𝑥,𝑦), 
 𝑢(𝑥,𝑦) = 𝑎(𝑥,𝑦)𝑒𝑖𝜙(𝑥,𝑦). (3-11) 
The field in the WFS plane is given by the inverse Fourier transform of the spectrum 
of the field in the pinhole plane multiplied by the pinhole transmission function, 
𝑡ph(𝑋,𝑌) 
 𝑢WFS(𝑥,𝑦) = 𝑎WFS(𝑥, 𝑦)𝑒𝑖𝜙WFS(𝑥,𝑦) =  ℱ−1�ℱ{𝑢(𝑥,𝑦)} ∙ 𝑡ph(𝑋,𝑌)�. (3-12) 
Invoking the convolution theorem this can be rewritten 
 𝑢WFS(𝑥, 𝑦) =  𝑢(𝑥,𝑦) ∗ ℱ�𝑡ph(𝑋,𝑌)�, (3-13) 
where ∗ denotes convolution. For small aberration amplitudes (small phase angles) 
the field in the pupil plane can be approximated using a first order Taylor expansion 
 𝑢WFS(𝑥, 𝑦) = ℱ�𝑡ph(𝑋,𝑌)�  ∗ 𝑎(𝑥,𝑦)[1 + 𝑖𝜙(𝑥,𝑦)]. (3-14) 
The phase in the WFS plane is the inverse tangent of the ratio of the imaginary and 
real parts of the field. Assuming that the aberration amplitude in the WFS plane is 
small (which is reasonable for small aberration amplitudes in the pupil plane at points 
away from the pupil edge), 
 𝜙WFS(𝑥, 𝑦) ≈  Im�𝑈WFS(𝑥,𝑦)�ℜ�𝑈WFS(𝑥,𝑦)� = ℱ�𝑡ph(𝑋,𝑌)�∗[𝑎(𝑥,𝑦)𝜙(𝑥,𝑦)]ℱ�𝑡ph(𝑋,𝑌)�∗𝑎(𝑥,𝑦) , (3-15) 
where Im and ℜ denote the imaginary and real parts of the field. For a large pupil, 
𝑎(𝑥,𝑦) = 1 for all (𝑥,𝑦), and this reduces to 
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 𝜙WFS(𝑥, 𝑦) ≈  ℱ�𝑡ph(𝑋,𝑌)� ∗  𝜙(𝑥, 𝑦). (3-16) 
Thus for weak aberrations, the wavefront in the WFS plane is approximately equal to 
the wavefront in the pupil convolved with the Fourier transform of the pinhole 
transmission function. In this case the CWFS transfers spatial frequencies in the 
phase in a manner analogous to the transfer of spatial frequencies in intensity by an 
incoherent imaging system. 
As described in [70], additional insight into the effect of the pinhole may be 
gained by considering a pupil field with phase composed of a single spatial 
frequency of period 𝑙, 𝜙(𝑥, 𝑦) = 𝑑 cos(2𝜋𝑥/𝑙). If the phase variation is of a small 
amplitude (𝑑 ≪ 1), invoking the convolution theorem with equation (3-16) leads to, 
 𝜙WFS(𝑥, 𝑦) ≈  ℱ �𝑡ph(𝑋,𝑌) ∙ 0.5𝑑 �δ �𝑋 − 𝜆𝑓2𝑙 ,𝑌� + δ �𝑋 + 𝜆𝑓2𝑙 ,𝑌���. (3-17) 
If the delta functions δ �𝑋 − 𝑓2𝜆
𝑙
,𝑌� and δ �𝑋 + 𝑓2𝜆
𝑙
,𝑌� are inside the pinhole then the 
wavefront in the WFS plane is identical to that in the pupil plane, otherwise the 
corresponding spatial frequency is rejected. In other words the pinhole acts as a low 
pass filter of the phase with a cutoff at 𝑙cutoff =  𝑟ph/𝜆𝑓2, where 𝑟ph is the pinhole 
radius. With a finite pupil, the two delta functions in equation (3-17) are convolved 
with the diffraction pattern of the pupil, scaled according to the NA of lens L2 and the 
wavelength. As a result, light associated with the first diffracted order is only partially 
transmitted by the pinhole. Equivalently, the pinhole rejects some of the spatial 
frequency components associated with the finite pupil, modifying the wavefront in the 
WFS plane. This is shown in Figure 3-10 for the example of a pupil field with a 
uniform amplitude and a sinusoidal phase variation. In the upper part of the figure, 
the spatial frequency of the wavefront is low enough that the first diffracted order is 
mostly inside the pinhole and the wavefront in the WFS plane closely resembles that 
in the pupil plane. In the lower part of the figure the spatial frequency of the 
wavefront is sufficiently high that most of the field amplitude in the first diffracted 
order falls outside the pinhole and the wavefront in the WFS plane is almost flat. 
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Figure 3-10. Effect of a pinhole on a field with uniform amplitude and a sinusoidally varying 
phase.  Pinhole diameter 5 AU. Left: wavefront in pupil plane (rad). Centre: field amplitude in 
pinhole plane (log scale). Right: wavefront in sensing plane (rad). Top: phase variation has a 
period 1/5th of the pupil diameter, the first diffracted order falls inside the pinhole and the 
wavefront in the WFS plane closely resembles that in the pupil plane. Bottom: phase variation 
has a period 1/10th of the pupil diameter, the first diffracted order is outside the pinhole and the 
wavefront in the WFS plane is approximately flat. 
As the aberration amplitude increases, significant power is diffracted into 
higher orders and this simple linear filtering approximation breaks down. Figure 3-11 
illustrates this behaviour using the example of a pupil field with a uniform amplitude 
and a sinusoidal phase variation across the pupil, for a pinhole of diameter 2 Airy 
units (where 1𝐴𝑈 = 1.22𝜆/𝑁𝐴 and 𝑁𝐴 is the numerical aperture of the first relay lens 
L2). In Figure 3-11 (a) the sinusoidal phase modulation has a small amplitude 
(rms = λ/13) and the pinhole approximates a low pass filter which rejects spatial 
frequency content above the geometrical cutoff at 𝑟ph/𝜆𝑓2 (equivalent to 2.44 cycles 
over the pupil, shown by the white vertical line). The only significant departure from 
this behaviour occurs close to the edge of the image of the pupil. Figure 3-11 (b) 
shows the same system, but for larger amplitude harmonics (rms = λ/4). In this case, 
the wavefront in the WFS plane differs significantly from that in the pupil plane even 
for low spatial frequency components well below the geometrical cutoff. The phase in 
the WFS plane contains spatial frequencies significantly above the cutoff. 
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Figure 3-11. The effect of a circular confocal pinhole of diameter 2 AU on individual spatial 
frequencies in the wavefront at the WFS plane. Plots show the phase along a line (x axis) 
through the centre of the WFS plane for a field in the pupil plane with a sinusoidally varying 
wavefront 𝒂𝐬𝐢𝐧(𝝅𝒙/𝒍) with an rms of (a) λ/13 and (b) λ/4 and a uniform amplitude. White lines 
show the geometrical cutoff frequency at 2.44 cycles / pupil. 
Sampling considerations 
To satisfy the Nyquist sampling criterion the highest spatial frequency in the phase of 
the field at the wavefront sensor is 𝑘𝑚𝑎𝑥 = 1/2𝑑𝑠𝑎𝑚𝑝𝑙𝑒, where 1/𝑑𝑠𝑎𝑚𝑝𝑙𝑒 is the spatial 
sampling rate of the wavefront sensor (i.e 𝑑𝑠𝑎𝑚𝑝𝑙𝑒is the diameter of the lenslets in a 
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SHWFS). Spatial frequencies greater than 𝑘𝑚𝑎𝑥 present in the wavefront at the WFS 
may lead to aliasing errors in the reconstructed wavefront [70]. For small aberration 
amplitudes a pinhole of radius 𝑟ph cuts off spatial frequencies greater than 𝑘max = 𝑟ph/ 𝜆𝑓2. Thus, to remove spatial frequency components outside the passband of the 
WFS, the pinhole radius should be 
 𝑟𝑝ℎ = 𝜆𝑓2𝑘max = 𝜆𝑓22𝑑𝑙𝑒𝑛𝑠𝑙𝑒𝑡. (3-18) 
Using some typical experimental parameters (λ = 635 nm, fL2 = 100 mm, NAL2 = 
7.5e-3 and dlenslet = 0.192 mm) rph = 165.4 μm = 3.2 Airy units. 
3.5.2 Numerical simulation of the confocal wavefront sensor 
Generation and propagation of phase screens 
The properties of the CWFS may be further investigated by considering how the 
pinhole modifies the phase of a field with uniform amplitude as it propagates from the 
pupil to the WFS plane. To generate pupil plane phase screens with statistics 
corresponding to wavefront aberrations typically encountered in biological 
microscopy, weighted sets of Zernike coefficients with covariance as measured in 
the C. elegans specimens (Figure 3-6) were generated using the Karhunen-Loeve 
functions [71]. Phase screens were evaluated over a square pupil plane sampling 
grid with the pupil defined over a circular region of diameter 256 sampling points in 
the centre. The phase screens were then scaled to give wavefronts corresponding to 
different mean rms aberration strengths. The field at the pinhole plane was 
calculated as a discrete Fourier transform (DFT) of the sampled pupil field. After 
multiplication with a binary amplitude mask, representing the pinhole, a second DFT 
was performed to determine the field in the WFS plane. Phase unwrapping was 
performed as required. 
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Quantifying the effect of the pinhole 
As the amplitude of the aberration in the pupil plane increases, the interaction 
of the complex field in the Fourier plane of the objective lens pupil with the pinhole 
results in increasing numbers of phase singularities at the WFS plane. Figure 3-12 
shows how the mean number of singularities in the WFS plane depends on the rms 
wavefront aberration in the pupil plane, for 100 pupil plane phase screens generated 
from a power law power spectral density function given by Eqn. (3-8) with an 
exponent of m = -4. In this case, phase screens were calculated on a 4096x4096 
sampling grid, with the pupil plane wavefront taken from a circular region of diameter 
256 points in the centre. Using only a small part of the phase screen in this way 
improves the accuracy of the sampled representation by better representing the low 
spatial frequency components [72]. Phase singularities in the WFS plane were 
identified by integrating the phase at each point along a closed, non self-intersecting 
path (the perimeter of a 2x2 block). Such an integral is a multiple of 2π if the path 
encloses a singularity.  
For pupil plane wavefronts with an rms of less than ~ λ/5, phase singularities 
are rare, but they occur more frequently with increasing with aberration strength. To 
quantify the effect of the pinhole on the wavefront requires a measure that is valid in 
the presence of phase singularities. However, linear measures of the wavefront itself 
(e.g. rms wavefront error) fail in the presence of such singularities due to the 
inherent multi-valued nature of the wavefront phase. In such cases it is convenient to 
use the complex exponential of the wavefront phase; this method has been used 
previously to quantify the performance of an atmospheric AO system in conditions of 
strong scintillation [73]. Following this approach an effective Strehl ratio may be 
defined as the integral of the complex exponential of the phase error introduced by 
the pinhole (normalized to the area of the pupil) 
 𝑆𝜙 =  �∬ 𝑒𝑖(𝜙WFS−𝜙pupil)𝑑𝑥𝑑𝑦pupil �2
�∬ 𝑑𝑥𝑑𝑦pupil �2 . (3-19) 
 
For a uniform field intensity, 𝑆𝜙 is equal to the Strehl ratio for an imaging system with 
the wavefront error of the exponent. This measure allows the effect of the pinhole to 
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be quantified, enabling acceptable limits for the pinhole size for a given aberration 
amplitude in the pupil plane to be established. 
 
Figure 3-12. Mean number of phase singularities in the WFS plane as a function of rms 
wavefront aberration for a 2 AU pinhole.  Calculated from 100 pupil plane phase screens 
generated from a power spectral density function of the form Ckr-4. Error bars show +/- 1 
standard deviation. 
Simulation results 
Effect of the pinhole on the transmitted wavefront 
Figure 3-13(a) shows the mean effective Strehl ratio, 𝑆𝜙, calculated by propagating 
scaled sets of the 100 experimentally-derived pupil plane phase screens through the 
CWFS with different pinhole sizes. Each contour line corresponds to an interval of 
0.1 in 𝑆𝜙. As expected, for a given pinhole size, 𝑆𝜙 decreases with increasing rms 
wavefront aberration in the pupil plane. Similarly, for a given pupil plane rms 
wavefront aberration 𝑆𝜙 increases with increasing pinhole size. In the limit that the 
pinhole becomes infinitesimally small, the wavefront in the WFS plane is flat and the 
residual wavefront error is equal to the rms of the pupil plane wavefront. For many 
applications it is common to consider effective ‘diffraction limited’ imaging to have 
been achieved when the Strehl ratio is greater than 0.8. The largest rms wavefront 
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aberration measured in the C. elegans specimens was λ/5 suggesting a pinhole size 
of at least 2.9 Airy units for the resulting wavefront measurement error to correspond 
to an effective Strehl ratio of greater than 0.8. Figure 3-13(b) shows the wavefront at 
the WFS plane for a pupil plane wavefront with rms = λ/5 for different pinhole sizes. 
As the pinhole gets smaller the wavefront is gradually flattened and the removal of 
high spatial frequency components by the pinhole leads to an apparent smoothing of 
the wavefront. 
 
Figure 3-13. (a) Contour plot of the effective Strehl ratio due to differences in the wavefront 
between the WFS and pupil planes caused by the pinhole. Results shown are the mean over 
100 phase screens. (b) Example showing the wavefront at the WFS plane for different pinhole 
sizes for a pupil plane wavefront (top) with an rms of λ/5. 
Rejection of out of focus light and the effect of defocus 
As the pinhole is made larger it also allows more out of focus light to reach the WFS 
plane. The optical sectioning provided by the pinhole for a given pupil field may be 
calculated by including a defocus term in the pupil [3], such that the pupil field is now 
written 
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 𝑝(𝑥,𝑦) = 𝑎(𝑥,𝑦)𝑒𝑖𝜙(𝑥,𝑦)𝑒𝑖𝑢𝜌2/2, (3-20) 
where u is a normalized defocus unit dependent on the wavenumber, 𝑘, the axial 
distance from the Gaussian image plane, 𝑧, the refractive index, 𝑛, and the half 
angle of the image forming cone of the objective, 𝛼,  𝑢 = 𝑧4𝑘𝑛 sin2(α/2) and 𝜌 is the 
normalized radial coordinate in the pupil. Computing the optical sectioning in this 
way also assumes that, other than the addition of defocus, the underlying wavefront 
aberration does not change for small axial shifts. 
Figure 3-14 (a) shows the mean optical section thickness versus pinhole size 
for differing mean rms wavefront aberrations in the pupil plane, calculated for 100 
scaled phase screens, where the thickness of the optical section is defined as the full 
width at half maximum of the axial pinhole transmittance. There is a significant 
increase in the optical section thickness with increasing aberration amplitude, 
particularly for larger pinhole sizes. For a 3 AU diameter pinhole and the largest 
measured pupil plane aberration amplitude for the C. elegans specimens (rms = λ/5), 
the section thickness is 41 normalized defocus units, corresponding to 8.2 waves for 
a 0.8 NA objective lens. Figure 3-14 (b) shows an example of the light intensity 
transmitted by the pinhole for an example pupil plane phase screen with an rms of 
λ/2. In this example, the presence of aberrations means that the drop in 
transmittance is no longer symmetric as the guide star is displaced either side of the 
focal plane. 
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Figure 3-14. (a) Mean optical section thickness versus pinhole size for pupil plane aberrations 
up to λ/2, (b) example pinhole transmittance as a function of defocus for a phase screen with 
an rms of λ/2 (bold lines) and in the absence of aberrations in the pupil plane (faint lines). 
Axial translation of the guide star away from the focal plane of the objective 
lens results in defocus at the pupil plane. Provided this translation is within the 
optical section thickness then significant light is transmitted by the pinhole. However, 
filtering of the field by the pinhole modifies the wavefront in the WFS plane. In the 
case of defocus in the pupil plane, the cylindrical symmetry of the system means that 
various orders of spherical aberration are introduced at the WFS plane. Figure 3-15 
shows the resulting residual wavefront error at the WFS plane caused by defocus in 
the pupil for an otherwise aberration free system, calculated for axial shifts within the 
optical section shown in Figure 3-14. In all cases, the rms wavefront error increases 
monotonically with increasing defocus and is within λ/10. 
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Figure 3-15. Rms residual wavefront error for different pinhole sizes caused by axial 
translation of the guide star away from the focal plane for an ideal imaging system. 
Effect of the pinhole on wavefront statistics 
The filtering operation of the pinhole modifies the underlying power spectral density 
of the wavefront, which has the effect of changing the statistical correlation between 
aberration modes. This correlation is expressed in the covariance matrix [4]. 
 〈ai∗aj〉 = �dρi �dρjW(ρi)W�ρj�Zi(ρ, θ)C(Rρi, Rρj)Zj(ρ,θ), (3-21) 
where 𝜌 and 𝜃 are the normalised radial and azimuthal coordinates in the pupil, 𝑅 is  
the pupil radius, 𝑊(𝜌) = 1/𝜋 inside the pupil and zero outside and 𝐶�𝑅𝜌𝑖,𝑅𝜌𝑗� =
〈𝜙(𝑅𝜌𝑖)𝜙(𝑅𝜌𝑗)〉 is the phase covariance function. Off diagonal terms in the 
covariance matrix indicate statistical dependencies between the different modes. 
Figure 3-16 shows the effect of the pinhole on the covariance matrix of Zernike 
modes for a power law PSD with exponent -2 with a 2 AU pinhole and a wavefront 
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rms of λ/8. In the pupil plane, modes 𝑍𝑛𝑚 are negatively correlated with modes 
𝑍𝑛+/−2𝑚 , as indicated by the dark blue lines off the main diagonal. In the WFS plane 
higher order modes have been suppressed, but there is now an additional positive 
correlation between modes 𝑍𝑛𝑚 and 𝑍𝑛+/−4𝑚  and a weak negative correlation with 
modes 𝑍𝑛+/−6𝑚 . 
 
Figure 3-16. Covariance of Zernike modes in pupil (left) and after filtering by a 2 AU pinhole 
(right) for a power law PSD of degree -2, wavefront rms in pupil is λ/8. Colour scale units in 
radians. 
3.6 Discussion 
The results presented here suggest that fluorescent guide stars can be a practical 
means to allow direct wavefront sensing in microscopy. Ideally these guide stars 
should be smaller than both the diffraction limited spatial resolution of the wavefront 
sensor and the isoplanatic patch in the object. Guide stars should be sparsely 
distributed within the object to minimise errors caused light from multiple spatially 
separated sources reaching the wavefront sensor simultaneously. This investigation 
considered guide stars formed by laser excitation of latex microspheres loaded with 
fluorescent dye embedded in the object and also excitation of a small area on a thin 
fluorescent layer underneath the specimen with focussed laser light. Direct 
fluorescent labelling of structures within the specimen also presents opportunities for 
guide star generation. Such an approach could either use the same fluorescent dyes 
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or proteins used for imaging or alternatively a spectrally distinct label introduced 
specifically for wavefront sensing. Provided sufficiently bright, stable fluorophores 
could be attached to targets of appropriate size and spatial distribution, this has 
significant potential advantages in terms of minimising perturbation of the specimen. 
Simulations based on Fourier transform propagation of phase screens 
representing typical aberrations introduced by biological specimens suggest that a 
confocal pinhole can improve the performance of a guide star-based wavefront 
sensing system. Provided the pinhole is of appropriate size, such a confocal 
wavefront sensor (CWFS) can allow an accurate measurement of the wavefront from 
the plane of interest (imaging plane) whilst providing some rejection of out of focus 
light. For the largest rms wavefront aberration measured in the two C. elegans 
specimens considered here (λ/5), a pinhole of diameter 3 AU allows accurate 
transmission of phase information from the pupil to WFS plane, corresponding to an 
effective Strehl ratio of 0.8, while rejecting light greater than ~ 40 defocus units (or 
~8 waves for a 0.8 NA objective lens) from the focal plane of the objective lens. One 
source of error arises when the guide star is axially displaced from the focal plane of 
the objective lens resulting in defocus being introduced into the wavefront at the 
pupil plane. Filtering of the defocussed field by the pinhole introduces spurious 
spherical aberration into the wavefront at the WFS plane. However, for small axial 
displacements, within the optical section defined by the pinhole, these errors are 
relatively small (rms < λ/10). The filtering of the complex field by the pinhole can 
introduce phase singularities at the WFS plane, with the number of singularities 
tending to increase with the strength of the aberration in the pupil. These 
singularities are not present in the pupil plane and form part of the wavefront error 
introduced by the pinhole, but their presence requires care in quantifying the effect of 
the pinhole on the wavefront at the WFS plane. Singularities are a potential issue for 
the wavefront sensor since phase dislocations can disrupt the performance of some 
wavefront sensing systems [74], however various AO systems have been shown to 
work effectively in the presence of optical vortices [75].  
 In practice, the performance of a CWFS will also be affected by the presence 
of other, bright wavefront sources within the same optical section. In such a case, 
the field in the pupil plane is a superposition of light from these different sources, 
which will result in a wavefront estimate that depends on the nature of the wavefront 
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sensor. For a simple SHWFS, with a response which is linear in irradiance, this will 
be a weighted average of the wavefronts of the different sources. In practice 
amplitude variations caused by the pinhole may also have an effect on the accuracy 
of the CWFS which will depend on the details of the wavefront sensing technique 
employed. Both of these latter aspects could form an interesting further study. 
Ultimately, to assess the effect of a confocal pinhole on the performance of closed-
loop AO system requires a full simulation including the effects of noise and the 
response of the WFS and corrector [70]. Such a simulation would also provide 
interesting insights into the effect of the spurious phase singularities introduced by 
the pinhole. 
Guide star-based wavefront sensing offers some advantages when compared 
with other direct or indirect wavefront sensing approaches. In particular, the 
approach is applicable to any object in which guide stars are natively present or can 
be artificially introduced. In comparison with indirect methods, guide stars also allow 
for fast determination of the wavefront with less overall specimen light exposure. In 
principle the speed is only limited by the exposure of the wavefront sensor required 
to achieve an acceptable signal to noise ratio for reliable wavefront reconstruction. 
These advantages come at the expense of an increase in complexity of the optical 
system as well some constraints on the types of samples with which it can be used. 
Further, unlike many image-based wavefront sensing schemes, the guide star 
method only allows determination of the wavefront aberration corresponding to the 
location of the guide star. 
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4 Closed loop adaptive optics in fluorescence 
microscopy 
4.1 Introduction 
Adaptive optics (AO) systems seek to restore optimal imaging performance, through 
the correction of wavefront aberrations. In optical microscopy the correction of 
refractive wavefront aberrations introduced by the sample itself offers the potential of 
imaging deeper inside complex specimens such as tissues and organisms, enabling 
the discovery of new information about biological structures and processes. However 
the effective implementation of AO systems in microscopy remains challenging. 
This chapter describes an approach to aberration correction in a combined 
widefield and confocal fluorescence microscope using a deformable mirror in closed 
loop with a Shack-Hartmann wavefront sensor. The wavefront aberration in the pupil 
plane of the objective lens is measured using fluorescent guide stars (as described 
in chapter 3). After an overview of the optical system, the subsystems for imaging 
and wavefront sensing are described in detail. The ability of two different DMs to 
correct depth dependent spherical aberration is quantified using a modified linear 
model and the measured actuator influence matrices of the mirrors. The imaging 
performance of the microscope is demonstrated for a range of synthetic and 
biological samples and the AO system is tested by introducing both defocus and 
higher order wavefront aberrations. Finally, the microscope is used for aberration 
corrected fluorescence imaging of neurons in a C. elegans specimen using 
fluorescent guide stars created by laser excitation of genetically expressed 
fluorescent protein. 
4.2 Multimodal fluorescence microscope with closed loop adaptive 
optics 
4.2.1 Description of the imaging system 
Figure 4-1 is a schematic diagram of the microscope system showing the principal 
optical elements (component details are given in appendix D). The microscope is 
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able to image in confocal and widefield modes. From the point of view of aberration 
correction, the primary difference between these imaging modes is that for widefield 
fluorescence imaging aberrations in the illumination beam have little effect on image 
quality, whereas for confocal imaging aberrations in both illumination and detection 
paths affect the resulting image (see section 1.1.1). As a result, illumination light for 
widefield and confocal imaging is introduced along different optical paths, with only 
the latter path including the deformable mirror (DM). Both imaging modes share the 
same detection light path. 
 
Figure 4-1. Schematic diagram of fluorescence microscope incorporating a closed loop AO 
system. 
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Figure 4-2. Photograph of fluorescence microscope system incorporating closed loop adaptive 
optics 
The microscope incorporates a series of 4f relay systems, each comprising a 
pair of achromatic doublet lenses, which image various points along the optical axis 
creating two sets of conjugate planes: 
 
1. The pupil plane - the iris aperture (A), the DM, the pupil of the objective 
lens, the fibre output of laser source LS3 (when used for widefield 
illumination) and the lenslet array of the wavefront sensor. 
 
2. The object plane - the fibre output of laser sources LS1 and LS2, the focal 
plane of the objective lens (the object), the pinhole (PH) and the sensor 
array of the CCD camera. 
 
For confocal imaging, collimated laser light from source LS1 or LS2 illuminates 
the pupil of the objective lens via the DM and is focussed onto the sample. The iris 
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aperture is imaged onto the DM and then onto the pupil of the microscope objective 
lens (MO) which focusses light onto the specimen. Widefield illumination is 
introduced along a separate optical path with laser light from LS3 focussed onto the 
objective lens pupil. Alternatively lens L7 may be moved out of the beam to create a 
focussed spot in the sample for excitation of a laser guide star. Several different fibre 
coupled continuous wave laser sources are used for fluorescence imaging and 
wavefront sensing: a 635 nm laser diode, a 488 nm optically pumped semiconductor 
laser and a 633 nm Helium Neon laser. The fibres can be easily interchanged to 
meet the requirements of a particular imaging experiment. 
Fluorescent emission from the specimen is collected by the objective lens and 
travels back along the same optical path as the excitation beam until it reaches a 
beam splitter (BS2) at which point it is reflected down an imaging / wavefront sensing 
arm. A 4f relay along this arm images the DM and the objective lens pupil onto the 
lenslet array of a Shack-Hartmann wavefront sensor (WFS). Another beamsplitter 
(BS4) sends a proportion of the fluorescent emission to a cooled CCD camera. 
Barrier filters, BF1 and BF2, in front of the camera and WFS block the reflected laser 
light. The confocal pinhole (PH) in the imaging / wavefront sensing arm is used 
primarily to block out of focus light and prevent it reaching the wavefront sensor (see 
section 3.5). A digital pinhole is applied to the images recorded at the CCD camera 
to reject out of focus light from the imaging system. In this way the physical pinhole 
(PH) may be set to be large enough to allow accurate wavefront sensing, whilst a 
smaller pinhole may be applied digitally to the acquired images to reduce the 
thickness of the optical sections. Using a digital pinhole also enables post processing 
of the images using different effective pinhole sizes. Further, the use of a digital 
pinhole with additional image processing can allow an increase in effective spatial 
resolution [76]. The primary disadvantage, compared to a physical pinhole and single 
element detector, is the reduced detector sensitivity and increased read time, leading 
to longer image acquisition times. 
The sample is mounted on a pair of computer controlled 3 axis translation 
stages. Three micro positioning stages with 15 mm of travel in x, y and z allow 
sub-μm positioning of the specimen. Fast piezoelectric translation stages with 
100 μm of travel are then used to raster scan the specimen with respect to the 
excitation beam for confocal imaging. Due to the limited positioning accuracy of the 
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piezoelectric translation stages, particularly when operating at high speeds, the 
actual stage positions corresponding to each image pixel differ slightly from the 
target positions. Acquired images are post processed using 2D linear interpolation in 
order to resample them onto a uniform rectangular grid. Figure 4-3 shows an 
example of the discrepancy between the target coordinates and those measured by 
the stage-mounted optical encoders, along with an example image before and after 
resampling. The effect of the resampling on the images is apparent in the small 
region which is expanded beneath the main image. 
 
Figure 4-3. Resampling of confocal images onto a uniform rectangular grid   Left: target stages 
positions (red squares, spacing of 100 nm) and measured stage positions (blue crosses). 
Right: image of neurons expressing GFP inside a C. elegans specimen before and after 
resampling. 
The digital pinhole is aligned manually by examining an image of the confocal 
excitation beam illuminating a thin fluorescent layer. Figure 4-4 shows an example of 
such an image with a 1.4 Airy unit pinhole superimposed onto the confocal excitation 
beam. In this case the fluorescent layer was formed by depositing a high 
concentration of 0.1 μm diameter green fluorescent microspheres (Fluospheres, 
Invitrogen) onto a glass slide. The right hand panel of the figure is a typical confocal 
fluorescence image obtained with the microscope. The image shows a HeLa cell 
stained for Von Willebrand Factor (vWF), a glycoprotein important for blood clotting. 
The bright ellipsoidal objects are Weibel Palade bodies, organelles which contain a 
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high concentration of vWF, and the large dark ellipsoid in the centre is the cell 
nucleus. The diffuse fluorescence emitted from around the nucleus is likely due to 
free vWF protein in the trans-Golgi network. 
 
Figure 4-4. Alignment of the digital confocal pinhole and a typical confocal image.  Left: 
composite widefield image of a uniform layer of green fluorescent microspheres (greyscale), 
confocal excitation beam (green) and extent of the digital pinhole (red). Right: confocal image 
of a HeLa cell labelled for von Willebrand Factor (vWF), a glycoprotein involved in blood 
clotting. The bright ellipsoidal objects are Weibel Palade bodies which contain a high 
concentration of vWF. 
Using a camera rather than single element light detector also allows for 
widefield imaging. In this case, the emitted light path is the same as that for confocal 
imaging, however fluorescence excitation is now from a collimated beam formed by 
imaging the fibre output of LS3 onto the pupil plane of the microscope objective lens. 
The field of view is limited both by the size of the pinhole (PH) and the camera array. 
For optimal widefield imaging the camera should sample the image at a frequency 
equal to twice that of the highest spatial frequency component in the image. 
Undersampling results in a loss of image information and can lead to aliasing 
artefacts, whereas oversampling does not yield any additional information about the 
object and can result in longer imaging times and greater light exposure or a 
decrease in signal-to-noise. For a widefield fluorescence microscope the required 
spatial sampling is given by [77] 
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 Δ𝑥𝑦 = 𝜆4NA 
Δz = 2Δ𝑥𝑦 sin𝛼
1−cos𝛼 . 
(4-1) 
In other words Δ𝑥𝑦 is equivalent to half the Abbe resolution limit. For confocal point 
scanning, ignoring the small resolution enhancement obtained using the pinhole, 
these sampling rates correspond to the required transverse and axial steps of the 
specimen translation stage. For an air objective lens with NA = 0.95, the sampling 
intervals are Δ𝑥𝑦 = 0.17 μm and Δ𝑧 = 0.47 μm at 650 nm. 
The total transverse magnification of the specimen at the pinhole plane is 
 𝑀ph = �𝑀obj ∙ 𝑓𝑙6𝑓TL� �𝑓𝑙4𝑓𝑙5� �𝑓𝑙9𝑓𝑙3�, (4-2) 
where Mobj is the magnification of the objective lens and 𝑓TL is the tube lens for 
which it is specified. Using a 100x Olympus air objective lens (for which 𝑓TL = 
180 mm), 𝑀ph  =  35.6. For an NA of 0.95, the central core of the Airy disc formed by 
the microscope objective has a diameter of 1.22𝜆/𝑁𝐴  = 0.83 μm at 650 nm; hence, 
1 Airy unit (AU) at the pinhole plane is 29.7 μm at this wavelength. The pinhole is 
imaged onto the camera chip by lenses L10 and L11 with a magnification of 𝑓𝑙11/𝑓𝑙10  =1.2. The camera has a pixel pitch of 6.45 μm, which is equivalent to 0.15 μm in the 
object, thus 1 AU is 35.7 μm or 6.6 pixels. 
Figure 4-5 shows widefield and confocal images (1 AU pinhole diameter) of 
0.1 μm diameter deep red and 1 μm diameter crimson fluorescent microspheres 
(Fluospheres, Invitrogen). Samples were prepared by pipetting 10 μL of the 
microspheres in suspension onto glass microscope slides and allowing the solution 
to dry. All images were obtained with 100x/0.95 dry objective lens (Olympus, 
LMPlanFL). The 0.1 μm microspheres are significantly smaller than the Abbe limit for 
the objective lens which is 0.35 μm at the peak emission wavelength (660 nm). As a 
result, an image of a single microsphere is a reasonable approximation to the 
intensity PSF of the microscope. The FWHM of the Airy disc for a 0.95 NA objective 
lens at 660 nm is 1.03𝜆/𝑁𝐴  = 0. 72 μm. This is close to FWHM of the line profiles 
through the 0.1 μm diameter microspheres which are 0.66 μm and 0.64 μm for the 
widefield and confocal confocal images respectively. In the widefield image each 
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microsphere appears as a bright central spot with an asymmetric distribution of light 
away from the centre indicating the presence of aberrations in the optical system of 
the microscope. 
 
Figure 4-5. Confocal and widefield images of red fluorescent microspheres.  Top row: widefield 
(left) and confocal (right) images of 0.1 μm ∅ deep red Fluospheres. Middle row:  widefield (left) 
and confocal (right) images of 1 μm ∅ deep red Fluospheres. Bottom: line profiles through a 
single microsphere in each image. Excitation at 635 nm, digital confocal pinhole radius 3 
pixels, approximately equivalent to 1 Airy unit at 650 nm. 
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Figure 4-6 shows a comparison of widefield image and a confocal image 
(pinhole diameter 1.2 AU) of a fluorescent microsphere with a nominal diameter of 
15 μm (FocalCheck, Invitrogen). The outer shell of the microsphere is labelled with a 
green fluorescent dye which was excited at 488 nm. The images correspond to a 
plane approximately midway through the microsphere. In the widefield image 
significant light from the shell above and below the focal plane is present in the 
image. Even in the centre, where the top and bottom caps of the microsphere are 
7.5 μm from the focal plane, the pixel value is greater than half that at the edges. In 
the centre of the confocal image the pixel values drop close to the background level. 
 
Figure 4-6. Widefield and confocal images of a 15 μm diameter microsphere with green surface 
stain. Top: widefield (right) and confocal (left) greyscale image of the same microsphere 
(pinhole diameter 1.2 AU), scale bars are 5 μm. Bottom: line profiles through the two images of 
the microsphere. 
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4.2.2 Closed loop adaptive optic system 
Optical layout 
The microscope is designed such that the SHWFS and DM are conjugate to the 
pupil plane of the objective lens. The magnification of the pupil at the lenslet array is  
 𝑀𝑝𝑢𝑝𝑖𝑙 =  �𝑓𝑙5𝑓𝑙6� �𝑓𝑙3𝑓𝑙4� �𝑓𝑙10𝑓𝑙9 � = 1.56. (4-3) 
The pitch of the lenslets in the SHWFS is 192 μm corresponding to 123 μm in the 
pupil plane. The microscope system is typically used with one of two Olympus air 
objective lenses: a 100x/0.95 and a 100x/0.8 which have nominal exit pupil 
diameters (𝜙pupil = 2𝑓NA) of 3.4 mm and 2.9 mm respectively. The higher NA 
objective offers high spatial resolution, whereas the lower NA objective has a long 
working distance of 3.4 mm making it suitable for deep imaging inside very thick 
samples. The SHWFS lenslets are arranged on a rectangular grid and the wavefront 
in the pupil plane is thus sampled by between 28 (in the direction parallel to the 
edges of the lenslets) and 20 (along the diagonal) subapertures for the 0.95 NA 
objective lens and between 23 and 17 for the 0.8 NA objective lens. The highest 
spatial frequency component in the wavefront which can be Nyquist sampled then 
corresponds to 10 (8) cycles across the pupil for the 0.95 (0.8) NA objective. Higher 
spatial frequencies in the wavefront are inadequately sampled and may cause 
aliasing errors in the reconstructed wavefront [70]. A harmonic of period 𝑙 in the pupil 
is diffracted through an angle λ/l which corresponds to a transverse distance in the 
pinhole plane of 
 𝑑 = 𝜆
𝑙
𝑓𝑙6 �
𝑓𝑙5
𝑓4
� �
𝑓𝑙9
𝑓𝑙3
�. (4-4) 
For the 0.95 (0.8) NA objective lens this corresponds to a pinhole diameter of 226 
(199) μm for a harmonic at the Nyquist limit of the SHWFS at 650 nm. The pinhole 
also limits the field of view for widefield imaging. However, as widefield imaging is in 
general useful only when there is limited out of focus light it is usually sufficient to 
use a large pinhole for such samples. A 2 mm diameter pinhole gives a field of view 
of 56 μm which is generally large enough to capture several cells whilst blocking any 
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significant stray reflections in the optical system of the microscope. In principle the 
emitted light for widefield imaging does not need to pass through the pinhole and the 
field of view could be increased either by moving the beamsplitter (BS4) in front of 
the pinhole or by introducing additional optical elements. However, for the system 
shown in Figure 6-2 and Figure 6-3, space constraints mean it is more convenient to 
mount the beamsplitter after the pinhole. 
The lenslets in the SHWFS image the light distribution at the focal plane of the 
microscope objective onto a camera. Each spot in the resulting Hartmanngram is a 
convolution of the object and the lenslet PSF. The nominal NA of the lenslets is 0.03, 
which corresponds to an Abbe diffraction limit of 𝜆/2𝑁𝐴 = 16.5𝜆. Lens L10 and the 
lenslets form a 4f system which images the pinhole plane with a magnification of 
𝑚𝑆𝐻𝑆 = 𝑓𝑙𝑒𝑛𝑠𝑙𝑒𝑡𝑠/𝑓𝑙10 =  1/31.5. The total magnification of the object at the SHWFS 
camera is 35.6*0.0317 = 1.13. This implies that an object substantially smaller than 
approximately 19 𝜆 in diameter does not significantly increase the size of the spots in 
the Hartmanngram and from that point of view may be considered a point source. 
Wavefront reconstruction and feedback 
The SHWFS is typically operated in a reference mode, and the centroid of each spot 
in the Hartmanngram provides a measure of the local wavefront tilt with respect to a 
reference wavefront. The response of the WFS, 𝜉, to an input aberration, 𝜑𝑖 can be 
written in terms of a sum of linearly independent basis responses, 𝜓𝑖 
 𝜉 = ∑ 𝑐𝑖𝑖 𝜓𝑖. (4-5) 
The expansion coefficients may be calculated by minimising |𝜉 − ∑ 𝑐𝑖𝑖 𝜓𝑖|2. This 
minimisation problem is simplified by creating an orthonormal basis, 𝛼𝑖, using Gram-
Schmidt orthogonalisation or singular value decomposition 
 𝛼𝑖 = ∑ 𝑎𝑖,𝑗𝜓𝑗𝑗 . (4-6) 
The sensor response may now be written as an expansion in this orthogonal basis, 
𝜉 = ∑ 𝑏𝑖𝑖 𝛼𝑖  with expansion coefficients given by the scalar product of the response 
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with the orthogonal basis functions, 𝑏𝑖 = (𝛼𝑖, 𝜉). Finally the expansion coefficients of 
the original basis can be calculated from 
 𝑐𝑗 = ∑ 𝑏𝑖𝑎𝑖,𝑗𝑗 . (4-7) 
In practice sensor responses are determined for each input aberration and the 
orthogonal basis is calculated to determine the expansion coefficients, 𝑏𝑖 and then 𝑐𝑖. 
In this case, due to their convenient properties (discussed in section 1.2.1), Zernike 
polynomials were chosen as the expansion basis. 
Temporal control of the adaptive element is performed iteratively according to  
 𝑥𝑛+1 = 𝑥𝑛 − 𝑔𝐴−1𝜑𝑟 , (4-8) 
where the residual aberration, 𝜑𝑟, corresponds to a set of actuator signals, 𝑥𝑛, and 
𝑥𝑛+1, is the next set of signals, 𝑔 is a feedback coefficient (0 < g < 1) and  A is the 
mirror control matrix, 𝜑𝑚 = 𝐴𝑥, and A-1 is its pseudo-inverse. It is common to 
condition the control matrix to remove modes with small eigenvalues. Including such 
modes tends to make the system more susceptible to noise and can increase the 
effect of actuator clipping, where the individual mirror actuators reach the limit of 
their stroke [78]. 
Characterisation of the deformable mirror 
The DM (Flexible Optical) is a continuous facesheet device comprising a flexible 
plate with a free edge, coated with aluminium and a protective layer of fused silica, 
bonded to 37 piezoelectric actuators arranged on a square grid with an actuator pitch 
of 6.83 mm, a maximum free actuator stroke of 8 μm and a clear aperture of 50 mm. 
Figure 4-7 shows interferograms supplied by the manufacturer of the surface of the 
DM with all actuators set to 0V (left) and after active flattening (right). The DM is 
controlled using a PC which allows sets of actuator voltage commands to be sent to 
the device via a high voltage amplifier. 
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Figure 4-7. Interferograms showing initial figure (left) and figure after active flattening (right) 
for piezoelectric deformable mirror.  Initial figure has an rms wavefront error of 1 λ at 630 nm, 
after active flattening this is reduced to approximately λ/30. Measured area corresponds to 
approximately 60% of the full mirror aperture. Data supplied by the manufacturer (Flexible 
Optical). 
The ability of the DM to correct a particular wavefront aberration depends, in 
part, upon how the actuators are mapped onto the pupil of the objective lens. 
Further, the non-linear response of the DM caused by actuator clipping means that 
the closed-loop performance of the AO system is affected by the number of spatial 
modes included in the DM control matrix. These effects may be investigated by first 
measuring the response of the DM and then considering how the mirror aperture 
ratio and the conditioning of the influence matrix affect the ability of the DM to adopt 
a particular wavefront shape. It has been noted that spherical aberration, caused by 
refractive index mismatch, is the major source of the reduction in fluorescent signal 
with focus depth commonly noted by most practicing confocal microscopists [6]. As 
such, it is important that a DM in an AO microscope system is able to effectively 
correct depth dependent spherical aberration. In addition to the piezoelectric 
deformable mirror (PDM) described above, an electromagnetic actuator deformable 
mirror (EMDM) was also characterised. The EMDM (Mirao 52-e, Imagine Eyes) has 
a 15 mm diameter pupil comprising a protected silver coated flexible membrane with 
52 electromagnetic actuators arranged on a square grid pattern with an interactuator 
spacing of 2.5 mm. The manufacturer specifies the stroke of the EMDM in terms of 
the maximum peak to valley amplitude of the various Zernike modes it can generate; 
for wavefront tilt this is 50 μm across the pupil. Previous authors have described use 
of this DM for correction of ocular aberrations [79]. 
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Aberration functions in the lens pupil were calculated assuming a circularly 
symmetric system with a single planar refractive index mismatch, corresponding to 
the objective immersion fluid (air, water or oil) and the specimen. In many practical 
cases, the specimen is viewed through a coverslip; however objective lenses are 
usually designed with this in mind and incorporate an appropriate correction to 
remove the wavefront aberration resulting from refraction at the interface between 
the immersion medium and coverglass. In this case, an expression for the wavefront 
in the exit pupil of the objective, 𝜑, can be derived from geometrical considerations 
(see section 3.3). 
 
NA Immersion 
medium 
Specimen 
medium 
Maximum 
focusing depth 
(working 
distance) 
1.35 Oil (n1=1.518) Water (n2=1.33) 150 μm 
1.2 Oil (n1=1.518) Water (n2=1.33) 150 μm 
0.75 Air (n1=1.00) Water (n2=1.33) 600 μm 
Table 4-1. Three imaging conditions used to test DMs 
Table 4-1 shows three different sets of imaging conditions used to calculate 
pupil plane wavefronts with which to test the DMs. The NA and working distance 
values all correspond to commercially available objective lenses; 1.518 is the 
refractive index of a standard microscope immersion oil at the 546.1 nm mercury 
emission line. For the highest NA objective some of the outer rays will be totally 
internally reflected at the boundary between the immersion medium and the 
specimen and will not contribute to the image formed in the specimen. As a result 
the effective NA of the image forming cone for the NA 1.35 objective lens is reduced 
to 1.33. The refractive index of biological tissue at visible wavelengths is generally 
between that of water and immersion oil, with researchers [80, 81] reporting values 
of between 1.35 and 1.48 at 532 nm and 633 nm for some typical biological 
materials. In order to generate wavefront aberrations to test the DM the specimen 
has been assumed to have a refractive index equal to that of water. In practical 
situations in which the refractive index mismatch between immersion medium and 
specimen is smaller, the amplitude of the wavefront aberration will be reduced and 
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the DMs should allow even better wavefront correction and the extension of 
diffraction limited imaging to greater penetration depths. In practice the effects of 
spherical aberration can be reduced significantly by using a water, rather than oil, 
immersion objective when imaging specimens with a refractive index close to that of 
water at depths of greater than a few μm. 
 
Figure 4-8. Calculated wavefront in the exit pupil of the objective lens for three different sets of 
imaging parameters.  Dashed lines show the total wavefront aberration, solid lines show the 
wavefront with the defocus term removed. 
The calculated wavefront in the exit pupil for each case is shown in Figure 
4-8; for each imaging condition the wavefront is shown before (dashed line) and after 
(solid line) subtraction of the defocus term (Z20) from the aberration function. The 
amplitude of the wavefront aberration is largest close to the edge of the pupil and the 
overall wavefront deviation from flatness increases with the NA.  From equation (3-3) 
it is apparent that the amplitude of the wavefront aberration also increases linearly 
with focusing depth. 
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Spatial Modes of the Mirrors 
Assuming a linear response, the mirror deformation, 𝜑𝑚, for a given set of actuator 
signals, 𝑥𝑚, is given by 
 𝜑𝑚 = 𝐴𝑚𝑥𝑚, (4-9) 
where 𝐴𝑚 is the influence matrix of the mirror, the columns of which are the 
deformations corresponding to each mirror actuator. The actuator signals which give 
the best fit to a given target wavefront 𝜑0, can then be calculated by pre-multiplying 
𝜑0 by the pseudo inverse of the influence matrix which itself can be found from a 
singular value decomposition of 𝐴𝑚 
 𝐴𝑚 = 𝑈𝑆𝑉𝑇 
𝐴𝑚
−1 = 𝑉𝑆−1𝑈𝑇 . (4-10) 
The columns of the 𝑈 matrix comprise a set of N orthogonal spatial modes of the 
mirror (where N is the number of mirror actuators) and the diagonal elements of 
𝑆 represent the gain of each mode. The columns of 𝑉 make up an orthogonal set of 
actuator signals. A smaller gain means that a larger actuator signal is required to 
produce a given amount of that mode. The spatial modes included in the wavefront 
expansion can be altered by setting the relevant diagonal elements of 𝑆 to zero or by 
conditioning the 𝑈 matrix. To restrict the expansion to the first n (<N) spatial modes, 
elements of columns n+1 to N of U are set to zero. 
Once the influence matrix and its inverse are known, the ability of the mirror to 
produce a given wavefront aberration 𝜑0 can be determined from 
 𝜑𝑚 =  𝑈𝑆𝑉𝑇𝑓(𝑉𝑆−1𝑈𝑇𝜑0), (4-11) 
where 𝑓 is a clipping function to account for the limited stroke of the mirror actuators 
and is defined by 
 𝑓 =  �𝑥𝑖                     𝑓𝑜𝑟 |𝑥𝑖| ≤ 𝑥𝑚𝑎𝑥𝑥𝑚𝑎𝑥 ∙ 𝑥𝑖|𝑥𝑖|     𝑓𝑜𝑟 |𝑥𝑖| > 𝑥𝑚𝑎𝑥. (4-12) 
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Influence matrices for both mirrors were measured using a phase stepping Fizeau 
interferometer (Zygo corporation) with the data acquisition and fringe analysis carried 
out using MetroPro 7.3.2 software. For both mirrors, the same voltage signal was 
applied to each mirror actuator in turn and an interferogram was recorded. The 
signal size was chosen to provide a significant actuator displacement without 
exceeding the dynamic range of the interferometer; for the PDM this signal 
corresponded to 20% of the maximum positive voltage and for the EMDM to 5%. The 
initial shape (the surface figure of the mirror with zero voltage applied to all 
actuators) of both mirrors was significantly non-planar and in order to reduce the 
number of interference fringes, and increase both the available dynamic range of the 
interferometer and reduce measurement uncertainties, actuator influence functions 
were measured relative to a partially flattened mirror shape. The EMDM was 
flattened by applying a flat mirror signal matrix supplied by the manufacturer and the 
PDM was flattened by applying an actuator signal matrix approximately to correct for 
1 μm of defocus calculated by solving a biharmonic equation relating mirror 
displacement to the stiffness of the deformable plate and the applied load. This 
flattening reduces the stroke of the actuators available to generate the required 
wavefront, however for the EMDM the signal matrix required to flatten the mirror 
used no more than 7% of the maximum signal for any given actuator. The initial 
shape of the PDM is dominated by a defocus term which could be readily 
compensated through introducing an equal and opposite amount of defocus into the 
wavefront incident on the mirror by displacing it away from the plane conjugate with 
the exit pupil of the objective. For these reasons, the following analysis ignores the 
reduction in stroke of the mirrors caused by their initial shapes. 
To measure the influence function of a given actuator, the mirror was flattened 
and an interferogram was recorded before a signal was applied to the actuator under 
test and a second interferogram recorded; the difference between the two 
interferograms then indicates the influence function of that actuator. Due to the 
double pass effect, the amplitude of the mirror deformation is equal to half that of the 
measured wavefront. To build up the full mirror influence matrix this sequence was 
then repeated for all other actuators. In order to reduce the effects of hysteresis, 
before flattening the minimum possible signal was applied to all of the mirror 
actuators. 
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For the EMDM the voltage signal sent to each actuator must be within the 
range –1 V to +1 V. An additional constraint, due to the mirror drive unit provided by 
the manufacturer, is that the sum of the magnitudes of the signals supplied to all 
actuators must be less than 25 V. To account for this, if the sum of the actuator 
signal magnitudes exceeded 25 V they were all scaled down after truncation of 
actuator voltages. 
 
Figure 4-9. Surface plot showing the residual error in a fit of the PDM to the wavefront arising 
from an NA 1.2 oil immersion objective focusing 100 μm into water.   In this case, the minimum 
residual wavefront error is 0.20 μm, which occurs for an aperture ratio of 0.59 using 33 of the 
37 available spatial modes (shown by the filled black circle). 
The optimum mirror pupil diameter and the optimum number of mirror spatial 
modes in the wavefront expansion were determined by minimising the residual 
wavefront error in the mirror fit to the wavefront for an NA = 1.2 oil immersion 
objective focusing 100 μm into water, with the defocus term removed. This wavefront 
has a root mean square (rms) deviation from flatness of 1.10 μm. Figure 4-9 and 
Figure 4-10 show the effect of varying both mirror aperture ratio and the number of 
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spatial modes used in the wavefront expansion on the rms of the residual wavefront 
error for the PDM and EMDM respectively. 
 
 
Figure 4-10. Surface plot showing the residual error in a fit of the EMDM to the wavefront 
arising from an NA 1.2 oil immersion objective focusing 100 μm into water.  In this case the 
minimum residual wavefront error is 0.09 μm, which occurs for an aperture ratio of 0.89 using 
all 52 of the spatial modes (shown by the filled red circle). 
For the PDM the optimum fit to the simulated wavefront results in a residual 
wavefront error with an rms of 0.20 μm and occurs for a mirror aperture ratio of 0.59 
using 33 of the 37 spatial modes. As can be seen in Figure 4-11, which shows the 
actuator layout for both mirrors, the optimum aperture ratio for the PDM corresponds 
to the case where a ring of actuators lie outside the illuminated pupil of the mirror. 
This result is consistent with mathematical simulations and experimental 
measurements performed by other researchers, which have shown the importance 
of including actuators outside the illuminated aperture of the DM [82] when correcting 
low order aberrations. The large residual error in the fit using all 37 spatial modes is 
a result of mode 37 having a small singular value, which results in significant 
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actuator clipping when the mode is included in the expansion. For the EMDM a good 
fit to the simulated wavefront is achieved using most of the available spatial modes 
and a large mirror aperture ratio, with a minimum rms residual wavefront error of 
0.09 μm for an aperture ratio of 0.89. Close to the minimum, the residual wavefront 
error is fairly insensitive to both the aperture ratio and the number of spatial modes 
included in the expansion, in the latter case indicating that inclusion of the higher 
order modes does not substantially improve the fit. A large aperture ratio is favoured 
for this DM as a ring of actuators are outside the maximum useable pupil of the 
mirror (Figure 4-11) which is limited by the manufacturer using an aperture fitted to 
the front of the mirror. For smaller aperture ratios a better correction is achieved by 
including fewer spatial modes in the wavefront expansion as the effect of aperture 
clipping is reduced. 
 
Figure 4-11. Actuator layout in relation to the mirror pupil Left: PDM. Right: EMDM. PDM 
actuators indicated by black rectangles with white borders, EMDM actuators indicated by 
square cells. For each mirror the full useable aperture is indicated by the solid black line, 
reduced apertures in steps of 10% are indicated by the dotted red lines, the dashed blue line 
indicates the optimum pupil size for correction of the aberrated wavefront resulting from an 
NA=1.2 oil immersion objective focusing 100 μm into water. 
Figure 4-12 shows phase maps for the calculated wavefront for an NA 1.2 oil 
immersion lens focusing 100 μm into water along with the best fit mirror surface and 
the residual wavefront error using the optimized aperture ratio and number of spatial 
modes in the expansion. The largest differences occur at the edge of the pupil where 
the wavefront aberration has the greatest amplitude. The rings apparent in the 
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residual wavefront error for the EMDM are an artefact of the interferometric 
measurement of the actuator influence functions. It should be noted that an 
alternative way of dealing with actuator clipping or an optimization type approach to 
determine actuator signals such as using a genetic algorithm [43] may lead to a 
closer fit between the mirror to the required wavefront and therefore a better 
aberration correction. 
 
Figure 4-12. Comparison of both DMs best fit to a target wavefront with optimized aperture 
ratio and optimal number of spatial modes Target wavefront calculated for an NA=1.2 oil 
immersion objective imaging 100 μm into water with. Top - PDM with an aperture ratio of 0.59, 
33 spatial modes (rms residual wavefront error of 0.20 μm). Bottom – EMDM with an aperture 
ratio of 0.89 and 52 spatial modes (rms residual wavefront error of 0.09 μm). 
Figure 4-13 shows the Strehl ratio at a wavelength of 633 nm for the image of 
the light spot formed in the specimen at different depths with and without aberration 
correction for the three imaging conditions described in Table 4-1 using both 
deformable mirrors. The Strehl ratio was calculated using the approximation 
 𝑆(𝜎) ≈ 𝑒−𝜎2 , (4-13) 
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where σ is the rms wavefront error in radians. In this case the Strehl ratio describes 
the imaging in the illumination path of the microscope only. In confocal fluorescence 
microscopy imaging performance is affected by aberrations in the illumination and 
detection paths. With an infinitesimal pinhole, and ignoring differences between 
excitation and emission wavelengths, the overall system PSF is equal to the square 
of the illumination PSF. If a Strehl ratio of 𝑆 corresponds to focusing through a 
refractive index mismatch then in this case the overall Strehl ratio, due to aberrations 
in illumination and detection paths, is reduced to 𝑆2. Calculations were performed at 
a single aperture ratio for each DM (0.59 for the PDM and 0.87 for the EMDM) to 
determine the optimum wavefront correction which each mirror can achieve as a 
function of depth by optimizing the number of spatial modes used in the expansion at 
each depth. Fixing the aperture ratio is a practical restriction as it is unlikely to be 
feasible to arbitrarily change the magnification of the relay optics for different 
focusing depths. For a Strehl ratio of 0.8 or greater, imaging is generally considered 
to be diffraction limited. 
Both DMs offer a substantial improvement in imaging for the NA 1.2 and 
NA 0.75 lenses, as summarised in Table 4-2. The large amplitude of the wavefront 
aberration at the edge of the pupil for the NA = 1.35 oil immersion objective means 
that neither DM is able to correct the wavefront effectively for focusing depths of 
greater than a few μm. Due to its larger actuator stroke the EMDM is able to maintain 
diffraction limited imaging to greater depth than the PDM. For the NA 1.2 oil 
immersion objective, aberration correction using the EMDM can extend diffraction 
limited imaging from a depth of 4 μm to over 50 μm and using the PDM to 26 μm. 
For the NA 0.75 objective the increase in diffraction limited depth penetration is from 
14 μm to 120 μm and 280 μm for the PDM and the EMDM respectively. Considering 
a confocal system where the spherical aberration affects imaging in illumination and 
detection paths diffraction limited imaging is possible to a depth of 3 μm and 10 μm 
using the NA 1.2 and NA 0.75 objectives respectively. Using the PDM this increases 
to 19 μm and 84 μm and using the EMDM to 36 μm and 201 μm for the NA 1.2 and 
NA 0.75 objectives respectively. 
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Figure 4-13. Strehl ratio vs. focusing depth with and without aberration correction. Top: PDM 
with an aperture ratio of 0.59 and optimised number of spatial modes at each depth. Bottom: 
EMDM with an aperture ratio of 0.89 and optimised number of spatial modes at each depth. 
  Maximum focusing depth for diffraction limited imaging (𝑆 ≥ 0.8) (μm) 
  No correction PDM EMDM 
Illumination 
only 
NA1.2 (oil-water) 4 26 50 
NA 0.75 (air-water) 14 120 280 
Illumination 
and 
detection 
NA 1.2 (oil-water) 3 19 36 
NA 0.75 (air-water) 10 84 201 
Table 4-2. Increase in maximum focusing depth at which diffraction limited is possible after 
aberration correction using both DMs 
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Linearity and hysteresis of mirror actuators 
The preceding analysis assumes that the mirror influence matrix has a linear 
response with applied actuator signal, i.e. 
 𝜑𝑚(𝑥1) + 𝜑𝑚(𝑥2) = 𝜑𝑚(𝑥1 + 𝑥2). (4-14) 
Any deviation from linearity affects the range of deformations which the mirror can 
produce. Furthermore, non-linearity and hysteresis affect both the performance of 
the DM in an open loop system and the speed of correction which is achievable in a 
closed loop configuration. The displacement linearity of individual DM actuators was 
assessed by measuring the influence functions of three actuators as a function of 
supplied voltage using an SHWFS. The mirror pupil was illuminated by the 
collimated output from a 635 nm laser diode, with the DM tilted slightly to separate 
the incident and reflected beams. The reflected light passed through a pair of doublet 
lenses and onto the SHWFS, with the doublet lenses serving to conjugate the mirror 
pupil with the lenslet array of the SHWFS and demagnify the image of the mirror 
pupil to underfill the sensor. The linearity of the SHWFS for measurement of 
spherical wavefronts has been previously assessed by translating a point source 
along an optical rail in known distance increments and found to be better than 1.5% 
for a radius of curvature of between 170 mm and 1500 mm, equivalent to peak to 
valley Zernike defocus terms of between 23 μm and 2 μm. 
For each DM the response of three actuators across the pupil was measured 
over the full range of actuator input signals. Figure 4-14 shows the measured peak to 
valley deviation across the mirror pupil as each of these actuators is driven in 0.1 V 
increments from 0 V to +1 V, back down through 0 V to –1 V and back to +0.2 V. 
Hysteresis is quantified using a hysteresis parameter defined as the ratio of the 
largest difference in measured mirror displacement at any input to the total 
measured displacement range. As expected, since it uses piezoelectric actuators, 
the PDM exhibits significant hysteresis with a mean measured hysteresis parameter 
across the three actuators of 12.3%, the Mirao 52-e shows only 0.8% hysteresis 
which is not significant considering the uncertainties in the actuator displacement 
Closed loop adaptive optics in fluorescence microscopy 
___________________________________________________________________ 
86 
 
measurements. For both mirrors these values are in good agreement with 
specifications provided by the manufacturers. 
Although it exhibits significant hysteresis, the PDM behaves linearly provided 
the actuator voltage is changed in the same direction (either increasing or 
decreasing), and a sufficiently large voltage difference is applied after any change in 
direction. For example, after driving the actuators to –1.0V their average response 
from –0.6V to +1.0V can be fitted with a linear trend line which has a mean 
correlation coefficient of 0.9995; in the opposite direction, from +0.6V to –1.0V, the 
mean correlation coefficient is 0.9986. The PDM exhibits good linearity of response 
with a mean correlation coefficient of 0.9994 over the three measured actuators. 
Slight deviations from linearity are apparent when the actuators are driven close to 
the minimum and maximum voltages, which could be attributable to a non-linear 
response in the SHWFS for very large spot deviations in the Hartmanngram. The 
effect is sufficiently small as not to significantly affect the preceding analysis. 
 
Figure 4-14. Peak to valley displacement of 3 actuators in two test DMs.  Top: PDM. Bottom: 
EMDM. 
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A further assumption of the linear model of mirror behaviour is that there is no 
significant cross talk or coupling between the mirror actuators. To test whether this is 
the case a Fizeau interferometer was used to measure the mirror surface when 
different combinations of actuators are activated simultaneously and compared the 
resulting deformation with that expected from a linear superposition of individual 
actuator influence functions. For each DM, the response of four adjacent actuators 
near the centre of the mirror pupil and four adjacent actuators close to the edge of 
the pupil were measured. In each case the mirror deformation was measured when 
2, 3 and all 4 actuators were activated at the same signal level as used previously to 
measure the influence functions. For both DMs the observed differences between 
the measured wavefronts and the linear superposition of influence functions were not 
significantly greater than the measurement repeatability. This suggests that for 
relatively small actuator displacements, the simple linear uncoupled model of the 
mirror behaviour is a reasonable approximation. 
Calibration of the AO system 
Calibration of the closed loop AO system comprises two steps: recording of a 
reference Hartmanngram and determination of the WFS-DM interaction matrix,𝐴 
 𝜑𝑠 = 𝐴𝑥, (4-15) 
where 𝜑𝑠 is the response of the wavefront sensor for a given set of DM actuator 
control signals, 𝑥. During closed loop operation, the AO system acts to minimise the 
difference between the measured sensor 𝜑𝑠,𝑚𝑒𝑎𝑠 response and the desired response 
𝜑𝑠,𝑟𝑒𝑓, 
 𝜑𝑠,𝑟𝑒𝑓 − 𝜑𝑠,𝑚𝑒𝑎𝑠 = 𝑔𝐴�𝑥𝑟𝑒𝑓 − 𝑥𝑚𝑒𝑎𝑠�, (4-16) 
where 𝑔 is a feedback gain coefficient, 0 ≤ 𝑔 ≤ 1, which is empirically adjusted to 
optimise the speed and accuracy of convergence and stability of the system. In 
practice a gain of ~ 0.5 was typically found to give acceptable results. The required 
changes to the actuator control signals are determined at each step by 
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premultiplying the difference between the desired and measured sensor response by 
the inverse of the interaction matrix. 
The optimal case (diffraction limited imaging) corresponds to a flat wavefront 
in the pupil of the objective lens. The first step of the calibration processes is then to 
determine the sensor response under these circumstances. Ideally the AO system 
corrects all system and specimen aberrations, however in practice misalignment and 
non-common path errors mean it is often not practical to calibrate the sensor 
separately from the imaging system with which it is used. Two different methods are 
used to generate a reference beam to calibrate the WFS (see Figure 4-15): 
 
(a) the reflection from the beamsplitter (BS2) at the intersection of the 
illumination and imaging / wavefront sensing parts of the system 
(b) a point source at the focal plane of the microscope. In practice this is a 
single fluorescent microsphere mounted on a glass slide. To allow 
flattening, the DM is replaced in the optical path with a flat reference 
mirror. 
 
Using the reflection off the beamsplitter (a) has the advantage that the AO system is 
able to measure and correct system aberrations introduced by the optical elements 
between the beamsplitter and microscope objective, leaving only small non-common 
path errors introduced by collimating the laser output (lens L1), the two cube 
beamsplitters (BS1 and BS2) and the additional focussing lens (L3). However it is 
critical to ensure good alignment between the reference beam and the light emitted 
from the sample. Comparing Hartmanngrams recorded using these two different 
reference beams indicates that these system aberrations are approximately λ/10 at 
635 nm. 
Once the reference response of the sensor has been measured the 
interaction matrix is measured by recording the sensor response as signals are 
applied to each of the DM actuators. For this purpose a fluorescent microsphere 
mounted on a glass slide is excited by focussed light from LS3 (widefield focussing 
lens L7 moved out of the light path) and the response of the sensor is recorded as a 
signal is sent to each mirror actuator. 
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Figure 4-15. Reference beams used to calibrate wavefront sensor.  (a) reflection off a reference 
flat, (b) a point source in the focal plane of the objective lens 
 Figure 4-16 shows the widefield PSF of the microscope before and after 
active DM flattening. Before flattening the rms wavefront error measured on the 
wavefront sensor was 0.48 μm (0.71 waves), after flattening this reduced to 0.04 μm 
(0.07 waves). A series of faint secondary spots are visible arranged around the 
central core of the flattened PSF. These spots are arranged in a hexagonal pattern 
around the centre, suggesting that they are the result of local deformation of the DM 
surface around the actuators. The central bright lobe in the flattened mirror PSF is 
slightly extended in the top left to bottom right direction. This is likely due to 
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alignment errors in the non-common beam path between the beam splitter 
immediately in front of the WFS (BS4) and the imaging camera. 
 
Figure 4-16. PSF of the microscope before (left) and after (right) active flattening.  Image 
contrast enhanced. 
Experimental generation of laser guide stars 
Direct wavefront sensing is performed by exciting fluorescent emission from a small 
volume (guide star) within the object close to the area being imaged. A guide star 
may be formed by direct excitation of the fluorescent labels used to image the 
specimen [19] or by artificially introducing small fluorescent objects, such as latex 
microspheres loaded with fluorescent dye, into the specimen [18]. In either case a 
guide star is excited using the focussed laser light from either of the confocal 
excitation beams (LS1 and LS2) or by translating the lens (L7) out of the widefield 
illumination path. The guide star is imaged by the lenslet array onto the camera of 
the SHWFS, forming a series of spots which are centroided to determine the local 
wavefront tilt over the corresponding subaperture. The size of these spots is 
dependent upon the excitation and emission PSF of the microscope and the physical 
dimensions of the fluorescent object. In the case that the guide star is generated in a 
fluorescent volume greater than the size of the excitation PSF, then the size of the 
guide star will be determined by the extent of the excitation PSF. The lateral size of 
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the diffraction limited excitation volume may be taken as the diameter of the central 
core of an Airy disc 𝑑 = 1.22𝜆/𝑁𝐴, which is between 0.63 μm and 0.93 μm for the 
laser wavelengths and objective lenses in the microscope. Aberrations generally 
increase the spatial extent of the PSF and so the lateral dimension of the PSF may 
be substantially larger than this inside an aberrating medium. 
4.3 Results 
4.3.1 Imaging of test samples 
 
Figure 4-17. Widefield images of fluorescent microspheres on a glass substrate with AO off 
(top) and AO on (bottom).  Left: before mirror flattening. Centre: with the sample axially 
displaced by 10 μm. Right: with the sample axially displaced by 20 μm. Insets show the 
corresponding wavefront measured by the WFS from a guide star close to the centre of the 
field of view. 
To test the performance of the closed loop AO system, samples were prepared by 
adding 10 μL of a suspension of 1 μm Ø red microspheres (Crimson Fluospheres, 
Invitrogen) to the surface of a glass microscope slide. After the solution dries it 
leaves behind microspheres which adhere to the surface of the slide, forming layers 
one, two or more microspheres thick (see Figure 4-17). To calibrate the AO system, 
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a small area within a region of the slide coated with a single bead monolayer was 
excited by the focussed beam from the 635 laser diode. A reference Hartmanngram 
was acquired by replacing the DM with a reference flat. Figure 4-17 shows widefield 
images obtained using the closed loop AO to first flatten the DM (left) and then 
correct the defocus when the sample is displaced axially away from the focal plane. 
The inset interferograms show the wavefront measured on the WFS in each case. 
Before flattening the DM, the wavefront has a measured rms error of 0.57 λ, after 
flattening this is reduced to 0.05 λ. The improvement in the widefield image is 
evident with individual microspheres clearly resolved after flattening and the overall 
image brightness increased. 
 
Figure 4-18. Widefield images of 1 μm Ø fluorescent microspheres on a glass microscope slide 
taken without (top) and with (bottom) AO correction. Left: wavefront measured before and after 
AO correction. 
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The ability of the system to correct higher order aberrations was tested using 
the same object, with a thin plastic film was placed between the objective lens and 
the sample itself to introduce additional aberration terms into the wavefront. Figure 
4-18 shows the results of using the closed loop AO system to compensate these 
aberrations. Measurements indicate that the rms wavefront error is halved from λ/10 
to λ/20 after a few cycles of the AO loop. An improvement in image quality after AO 
correction is evident, with individual microspheres clearly resolved after flattening of 
the wavefront. 
4.3.2 Imaging of the C. elegans nematode 
The C. elegans organism 
C. elegans is a transparent nematode worm which occurs commonly in the soil in 
temperate environments. The organism has many of the basic cellular and molecular 
structures and control pathways which are found in more complex organisms and it 
is one of the most widely studied model systems in developmental biology. Along 
with its desirable optical properties, particularly its transparency at visible 
wavelengths, C. elegans is easy to grow, handle and store in the laboratory. It has 
been extensively characterised over decades and its genome, anatomy and 
physiology have been determined down to the cellular level [83]. The location and 
connections of the 302 neurons which comprise the nervous system of the adult 
hermaphrodite have been catalogued, making C. elegans a powerful tool for 
studying the development and functioning of the nervous system. Specimens have 
an unsegmented cylindrical bodyshape which tapers at the end. Adults are typically 
approximately 1 mm in length and 50-70 μm in diameter. The body wall encloses 
various systems (nervous, muscle etc.) and internal organs, including the alimentary 
canal and reproductive system. In addition to the naturally occurring (wild type) 
specimens a variety of mutants have been created allowing study of the function of 
various genes, many of which have homologs in the human genome. 
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Wavefront sensing in C. elegans 
Figure 4-19 show two differential interference contrast (DIC) images of fixed adult 
hermaphrodite C. elegans specimens. DIC generates image contrast through 
interference of two laterally offset mutually coherent beams which are made to 
interfere after passing through the specimen [84]. Differences in optical path length 
across the specimen result in variations in the light intensity at the detector and a 
DIC image gives a qualitative picture of the refractive index and morphology of the 
specimen. In the low resolution image (left) various structures including eggs and the 
alimentary canal are clearly visible. The high resolution image shows the presence of 
small scale variations in refractive index such as those caused by fine structures 
inside the specimen and furrows in the cuticle. These variations in optical path length 
give rise to wavefront aberrations when imaging inside the specimen. A previous 
study of the aberrations introduced by a variety of common biological specimens 
found that a 40 μm thick C. elegans specimen embedded in agar gel reduced the 
Strehl ratio to 0.46 for a CFM with a 1.2 NA objective lens [16]. 
 
Figure 4-19. Differential interference contrast images of fixed adult hermaphrodite C. elegans 
nematodes.  Left: low resolution (10x/0.1) image of 4 separate nematodes. Right: High 
resolution image (60x/1.3) showing the head of one worm adjacent to a section of the body of 
another. 
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Wild type and mutant C. elegans specimens were cultured with a suspension of 
1 μm diameter Crimson microspheres. Over time the specimens ingest the 
microspheres which become distributed along the alimentary canal and often cluster 
close to the pharynx. After fixation, samples were washed to remove most of the un-
ingested microspheres and then encapsulated between two microscope coverslides. 
Samples were imaged within 24 hours following preparation as over time the 
fluorescent molecules in the microspheres were observed to diffuse into the 
specimens. Individual microspheres were excited at 635 nm. All measurements were 
performed using a 100x/0.8 air objective lens (Olympus LMPlanFL). 
Figure 4-20 shows the results of a wavefront measurement made by exciting 
a single microsphere located just outside the body wall of a specimen. As expected 
(given the refractive index difference between air and the sample mounting medium) 
there is a significant amount of first and second order spherical aberration (𝑍40 and 
𝑍6
0). There is also a significant amount of first and second order coma (𝑍31 and 𝑍51). 
 
Figure 4-20. Measurement of system aberrations using a single fluorescent microsphere.  
Mean of five measurements, error bars show standard deviation in the measured amplitude of 
each Zernike mode, inset shows a typical wavefront. Tilt and defocus terms removed. 
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Figure 4-21. Widefield image showing five fluorescent microspheres along the alimentary 
canal of a C. elegans specimen.  Right: wavefront measured by exciting each microsphere 
individually (colour scale in waves). 
Figure 4-21 shows a widefield image of part of a specimen with five bright 
microspheres clearly visible in a line along the alimentary canal. The brightness of 
the microspheres suggests that they are probably located just inside body wall of the 
specimen. Several dimmer microspheres, located deeper inside the specimen, are 
also visible. The weak fluorescent signal emitted from various parts of the specimen 
can likely be attributed to fluorescent dye which has leached out of the 
microspheres, since autofluorescence is unlikely at such a long excitation 
wavelength. Also shown are the wavefronts measured for each of the microspheres, 
excited individually. These measurements are relative to the wavefront measured 
from a bead just outside the animal (Figure 4-20) and show the additional aberration 
introduced by the specimen itself.  
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Figure 4-22. Mean magnitude (blue bars) and standard deviation (red bars) of Zernike 
coefficients for five fluorescent microspheres in alimentary canal of a C. elegans specimen. 
Dashed black line shows the standard deviation calculated for a series of measurements 
performed on the same microsphere located outside the body of the organism. 
Figure 4-22 shows the mean and standard deviation of the Zernike 
coefficients measured from these five microspheres. The dashed black line indicates 
the standard deviation in the coefficients measured for a single microsphere located 
outside the animal and provides an estimate of the noise in the measurement of 
each coefficient. The standard deviation for most of the higher order coefficients is 
less than this noise estimate and is likely due primarily to measurement noise rather 
than real variability in the wavefront aberration for the different microspheres. The 
fact that the noise estimate exceeds the standard deviation for many of the 
measured modal coefficients suggests that this estimate of the noise may be 
somewhat high. A possible explanation for this is that the microsphere used to derive 
the noise estimate was less bright than the microspheres within the animal, or that 
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this microsphere underwent photobleaching during the extended exposure required 
for repeated wavefront measurements, resulting in a reduced signal-to-noise ratio 
and a corresponding increase in the variance of the Zernike coefficients of the 
reconstructed wavefront. The most significant mode in the wavefront expansion is 
first order spherical aberration (𝑍40) which can be attributed to the refractive index 
mismatch between the specimen and the buffer. The mean rms wavefront error is 
small (λ/20) again suggesting that the beads are only just inside the worm cuticle. 
Aberration corrected imaging in C. elegans 
 
Figure 4-23. Top: widefield fluorescence images of part of an LX929 adult C. elegans specimen 
with (right) and without (left) correction of specimen aberrations. Bottom: signal count profiles 
along the lines shown in the images. 
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Imaging performance with closed loop correction of wavefront aberrations was 
further tested using mutant C. elegans strains expressing green fluorescent protein 
(GFP). In many of these strains GFP is expressed in a relatively small number of 
neurons providing a sparse network of fluorescent objects within which to create 
guide stars for aberration measurement. Figure 4-23 shows a widefield image of a 
pair of neurons in an LX929 strain in which GFP is expressed in all cholinergic 
neurons. The left panel shows the image with the DM flattened, but without 
correction of specimen aberrations. The right panel shows the same part of the 
object imaged with closed loop AO aberration correction of specimen aberration. The 
wavefront aberration was measured at a single location using a fluorescent guide 
star created by focusing laser light (from LS3) to a point inside the soma (cell body) 
of the neuron to the right of the image centre. Following AO correction image 
contrast appears significantly increased and additional structure is resolvable, 
particularly close to the location of the guide star. Signal count profiles taken along 
the white lines shown in the images also indicate a reduction in the size of the cell 
body of the neuron suggesting an improvement in spatial resolution following AO 
aberration correction. 
One metric commonly used to quantitatively assess image quality is 
sharpness, S1 
 𝑆1 = �𝑑𝑥𝑑𝑦𝐼2(𝑥, 𝑦). (4-17) 
It can be shown that S1 reaches its maximum, irrespective of the object radiance 
spectrum, when there are no aberrations present [85]. For the images shown in 
Figure 4-23 S1 increases by 2.3% following AO correction. Another measure of 
image quality is contrast, with higher contrast taken to indicate higher image quality. 
There are various ways to define the contrast of a complex image [86], one simple 
metric is the standard deviation or rms contrast. For images shown in Figure 4-23 
the rms contrast increases by 7.7% following AO aberration correction. 
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4.4 Discussion 
Two principal advantages of a closed loop AO correction approach which relies on 
direct wavefront sensing are an increased correction speed and a potential reduction 
in specimen light exposure when compared to many indirect methods. In practice the 
achievable closed loop bandwidth is limited by the hardware in the AO system: the 
temporal characteristics of the DM, the frame rate of the SHWFS camera and the 
performance of the computer controlling the two. For the AO system described here, 
the piezoelectric DM has a stated response time of ~ 1 ms and the SHWFS CCD 
camera has a maximum frame of 75 fps. With a modest specification PC (Pentium 4 
2.8 GHz processor with 2 GB RAM running Windows XP) a measurement-correction 
cycle rate of 10-20 Hz was routinely achievable with an effective closed loop 
bandwidth typically an order or magnitude less than this. For wavefront sensing 
using GFP guide stars the limiting factor was the exposure time required to achieve 
an acceptable SNR on the SHWFS; this limited the measurement-correction cycle 
rate to a few Hz at best. 
High speed laser scanning confocal microscopes which use galvanometric 
mirrors for beam scanning can achieve extremely high scan speeds with typical pixel 
dwell times down to a few μs. Any attempt to correct wavefront aberrations on a pixel 
by pixel basis will thus severely reduce the image frame rate. However, in many 
cases isoplanatic patch sizes extend over an area of the object corresponding to a 
large number of image pixels [18] and a given wavefront correction may reasonably 
applied over a larger area within the object. It has been shown that significant image 
improvement is possible when a single wavefront correction is applied per transverse 
image slice [63]. As an example consider an image with transverse dimensions of 
38 μm x 38 μm (equal to the isoplanatic patch size from reference [18]) imaged at a 
wavelength of 500 nm with an objective lens of 1.3 NA. For Nyquist samping the 
pixel size is 96 nm, resulting in an image of size 395 x 395 pixels. Assuming a pixel 
dwell time of 2 μs the total time per image slice is then 312 ms. A slice by slice AO 
aberration correction with a bandwidth of greater than a few Hz would then result in 
only a modest increase in image acquisition time. Faster imaging systems, such as 
widefield microscopes employing high frame rate cameras can achieve imaging 
rates of several 100 Hz. Both the DMs described in this chapter are capable of 
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operating at such speeds. Upgrading the wavefront sensing camera, for example to 
a scientific CMOS (sCMOS) camera, and utilising more powerful computer hardware 
to perform the wavefront reconstruction would in principle allow the AO system to 
achieve a closed loop bandwidth approaching this rate. At these high correction 
speeds it may become feasible to apply closed loop AO for imaging of live 
specimens. For example, imaging experiments of neurological activity based on 
fluorescent emission from reporters of calcium ion concentration are typically 
performed with exposures of 50 ms [87].  
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5 Polarisation considerations for adaptive 
optics in microscopy 
5.1 Introduction 
Many properties of optical imaging systems can be described by considering their 
effect on a scalar field [2]. However, for optical systems using high NA elements the 
scalar approximation breaks down and accurate simulation requires consideration of 
the full vectorial nature of the electromagnetic field [88]. Polarisation dependent 
changes to the amplitude (diattenuation) and phase (retardance) of the field caused 
by interaction with matter gives rise to effects not predictable using simple scalar 
theory. Such effects have been investigated in photolithography [89] and high 
density optical data storage [90] and also for the general problem of high NA 
focussing multilayer structures [10]. However, when considering aberrations in 
biological microscopy it is common to represent the wavefront aberration as a scalar 
quantity in the pupil of the objective lens [91]. 
This brief chapter begins with a review of some of the fundamental tools to 
describe the propagation of vectorial fields through optical systems. The formalism of 
vectorial ray tracing is presented as a way of describing the polarisation dependence 
of the phase and amplitude of the electromagnetic field. This is followed by a review 
of vectorial diffraction theory for computing the field in the focal region of a high NA 
lens. Vectorial ray tracing is used to investigate the amplitude and phase of coherent 
light focussed through both homogeneous and stratified media as a function of 
polarisation state. The results of these simulations are then used as a basis for 
discussion of how polarisation may affect both wavefront sensing and correction in 
microscopy. 
5.2 Vectorial theory 
5.2.1 Vectorial ray tracing formalism 
Vectorial (polarisation) ray tracing is an extension of conventional scalar ray tracing 
techniques to include the polarisation state of the field. It relies on extending Jones 
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matrices to 3D to allow a mathematical representation of the phase and amplitude of 
the electric field in three dimensions [88] using a 3 element vector 
 𝐸�⃗ =  �𝐸𝑥𝑒𝑖𝜑𝑥𝐸𝑦𝑒𝑖𝜑𝑦
𝐸𝑧𝑒
𝑖𝜑𝑧
�. (5-1) 
Optical components such as lenses which modify the field are represented by 3x3 
Jones matrices. Figure 5-1 shows the basic vectorial ray tracing geometry for a 
positive lens focussing light in a homogeneous medium.  
 
Figure 5-1. Vectorial ray tracing geometry for a positive lens focussing light in a uniform 
medium. 
As each ray propagates from the entrance pupil to the Gaussian reference 
sphere (the spherical cap located in the exit pupil centred on the geometrical focal 
point) its direction (𝑘�⃗ ) is rotated through an angle, ∆𝜃, which depends on its 
coordinate in the lens pupil. This rotation is about an axis perpendicular to the 
meridional plane (the plane which contains the ray and the optical axis). As a result, 
the field component in the meridional plane (p) is rotated while the perpendicular 
component (s) is unaffected. This field rotation is described by the rotation matrix 𝐿 
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 𝐿 =  � cos∆𝜃 0 sin∆𝜃0 1 0
− sin∆𝜃 0 cos∆𝜃�. (5-2) 
This 𝐿 matrix applies to the field after it has been be decomposed into its s and p 
polarisation components. Such a transformation requires a rotation of the Cartesian 
coordinate system by an angle 𝜙 (the angle between the meridional plane and the 
positive x axis) which is described by the rotation matrix 𝑅 
 𝑅 = � cos𝜙 sin𝜙 0− sin𝜙 cos𝜙 00 0 1�. (5-3) 
The field on the Gaussian reference sphere is then given by 
 𝐸𝑡(𝜃,𝜙) = 𝑎(𝜃)𝑅−1(𝜙)𝐿(𝜃)𝑅(𝜙)𝐸𝑖(𝜃,𝜙), (5-4) 
where 𝑎(𝜃) is an apodisation factor ensuring energy conservation when transforming 
from a plane to a sphere. This geometric transformation means that a field which is 
spatially uniform at the entrance pupil will no longer be uniform over the Gaussian 
reference sphere. Any p polarisation component will result in a non-zero longitudinal 
electric field on the Gaussian reference sphere, with the change in ray direction 
being greatest at the edge of the pupil. 
5.2.2 High NA focussing 
The field in the vicinity of the focus of a telecentric high NA lens (such as a 
microscope objective) can be calculated by a coherent summation of plane waves 
over the Gaussian reference sphere. This summation can be described 
mathematically by the Debye-Wolf integral which for a converging spherical 
wavefront is written [92]. 
 𝐸�⃗ �𝑟𝑝���⃗ � = − 𝑖𝜆�?⃗?�𝑠𝑥, 𝑠𝑦�𝑠𝑧 e�𝑖𝑘𝑠∙𝑟𝑝�𝑒�𝑖𝑘𝑊�𝑠𝑥,𝑠𝑦��𝑑𝑠𝑥𝑑𝑠𝑦
Ω
, (5-5) 
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where 𝑟𝑝���⃗  is the position vector of a point near the focus, ?⃗?(𝑠𝑥, 𝑠𝑦) is the amplitude of 
the ray travelling in direction 𝑠 = (𝑠𝑥, 𝑠𝑦, 𝑠𝑧) on the Gaussian reference sphere and 
𝑊�𝑠𝑥, 𝑠𝑦� is the wavefront aberration for a plane wave travelling in direction (𝑠𝑥, 𝑠𝑦). 
Figure 5-2 shows the field in the Gaussian image plane for an aplanatic lens 
of NA 0.8 illuminated with x-polarised light of uniform phase and amplitude 
calculated using the Debye-Wolf integral. Even for a lens of relatively modest NA, 
the amplitude of the field is significant in the directions orthogonal to the incident 
polarisation state, particularly along the longitudinal (z) axis. The total field intensity, 
calculated as the sum of the intensity in each linear polarisation state is slightly 
elongated in the direction of incident polarisation (x). 
 
Figure 5-2. Field amplitude in the Gaussian image plane for an aplanatic lens (NA 0.8) 
illuminated by spatially coherent uniform x-polarised light at 633 nm.  
5.3 Results 
5.3.1 High NA focussing in homogenous media 
Figure 5-3 shows the amplitude and phase of the electric field on the Gaussian 
reference sphere for an aplanatic lens of NA 0.8 illuminated with spatially coherent, 
x-polarised light of uniform intensity. The geometric transformation of the field by the 
lens introduces significant field amplitude in the longitudinal (z) direction and a small 
y component, with the amplitude in these orthogonal directions increasing with the 
Polarisation considerations for adaptive optics in microscopy 
___________________________________________________________________ 
106 
 
NA of the lens. The lower row of the figure shows the phase of the field, with π 
phase discontinuities apparent in the y and z directions which correspond to nulls in 
the field amplitude. 
 
Figure 5-3. Normalised field amplitude (top) and phase (bottom) on the Gaussian reference 
sphere for an aplanatic lens. NA = 0.8, illumination with x-polarised light of uniform amplitude 
and phase. Phase in radians. 
A somewhat more interesting example is the transformation of a circularly 
polarised beam by a high NA lens shown in Figure 5-4. In this case the transverse (x 
and y) components of the electric field have a saddle shaped wavefront. The z 
component has a helicoidal wavefront with a 2π phase discontinuity while the 
amplitude has a corresponding zero in the centre. For radially and azimuthally 
polarised beams the x and y components of the field on the Gaussian reference 
sphere both have a flat wavefront with a π discontinuity perpendicular (x) or parallel 
(y) to the x and y directions. The phase of the z field component is uniform. 
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Figure 5-4. Normalised field amplitude (top) and phase (bottom) on the Gaussian reference 
sphere for an aplanatic lens.  NA = 0.8 illumination with circularly polarised light of uniform 
amplitude and phase. Phase in radians.  
5.3.2 High NA focussing through multilayer structures 
The vectorial ray tracing description can be extended to treat high NA focussing in a 
stratified medium (such as the immersion medium / coverslip / specimen system 
commonly encountered in microscopy), by including the effects of reflection and 
refraction at each interface [11]. The reflection and transmission coefficients for a 
given ray incident at an angle of θj to the interface between the jth and (j+1)th media 
are given by Fresnel’s formulae [93] 
Polarisation considerations for adaptive optics in microscopy 
___________________________________________________________________ 
108 
 
 
𝑡𝑠
𝑗 = 2𝑛𝑗𝑐𝑜𝑠𝜃𝑗
𝑛𝑗𝑐𝑜𝑠𝜃𝑗 + 𝑛𝑗+1𝑐𝑜𝑠𝜃𝑗+1 
𝑡𝑝
𝑗 = 2𝑛𝑗𝑐𝑜𝑠𝜃𝑗
𝑛𝑗+1𝑐𝑜𝑠𝜃𝑗 + 𝑛𝑗𝑐𝑜𝑠𝜃𝑗+1 
𝑟𝑠
𝑗 = 𝑛𝑗𝑐𝑜𝑠𝜃𝑗 − 𝑛𝑗+1𝑐𝑜𝑠𝜃𝑗+1
𝑛𝑗𝑐𝑜𝑠𝜃𝑗 + 𝑛𝑗+1𝑐𝑜𝑠𝜃𝑗+1 
𝑟𝑝
𝑗 = 𝑛𝑗+1𝑐𝑜𝑠𝜃𝑗 − 𝑛𝑗𝑐𝑜𝑠𝜃𝑗+1
𝑛𝑗+1𝑐𝑜𝑠𝜃𝑗 + 𝑛𝑗𝑐𝑜𝑠𝜃𝑗+1, 
(5-6) 
where 𝑛𝑗 is the refactive index of the jth medium. The refraction at each interface is 
given by Snell’s law. For focussing through N layers, the field on the Gaussian 
reference sphere is given by 
 𝐸𝑡(𝜃,𝜙) = 𝑎(𝜃) ∙ 𝑒𝑖𝑘0Ψ ∙ 𝑅−1 ∙ 𝑃(𝑁)−1 ∙ 𝐼(𝑁−1) ∙ 𝑃(1) ∙ 𝐿 ∙ 𝑅∙ 𝐸𝑖(𝜃,𝜙), (5-7) 
where Ψ is the phase acquired in propagating through the 1st and Nth media 
 Ψ = n𝑁h𝑁−1 cos 𝜃𝑁 − n1h1 cos𝜃1, (5-8) 
and h𝑗 is the distance from the Gaussian image plane to the jth interface. The matrix  
𝑃 transforms the field into a frame of reference which propagates with the ray 
 𝑃(𝑗) = �cos 𝜃𝑗 0 − sin 𝜃𝑗0 1 0sin𝜃𝑗 0 cos 𝜃𝑗 �. (5-9) 
The matrix 𝐼 expresses the change in the complex field at each interface 
 𝐼(𝑗) = �𝑇𝑝(𝑁−1) 0 00 𝑇𝑠(𝑁−1) 00 0 𝑇𝑝(𝑁−1)�, (5-10) 
where 
 𝑇𝑚(𝑁−1) = 𝑡𝑚(𝑁−1) � 𝑡𝑚(𝑗)𝑒𝑖𝛽𝑗+1𝑁−2
𝑗=1
, (5-11) 
and βj = kj�hj−1 − hj� cos θj is the phase acquired as the light propagates through the 
jth medium. 
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Figure 5-5 shows the results for x polarised light focussed by an NA = 1.2 lens 
20 μm inside the coverslip / specimen interface, for typical refractive index values of 
n1 = 1.518, n2 = 1.515, n3 = 1.40. Apart from the π discontinuities the wavefront is 
the same in all linear polarisation directions. Due to the circular symmetry of the 
system, the modes present in a Zernike expansion of the wavefront are also 
circularly symmetric, i.e. defocus and spherical aberration, with a mode amplitude 
which decreases with increasing radial order. Fresnel reflections from the various 
interfaces also change the amplitude distribution of the field in each polarisation 
direction. 
 
Figure 5-5. Wavefront on the Gaussian reference sphere for x polarised light focussed through 
a coverslip 20 μm into specimen.  (a) Normalised field amplitude (left) and wavefront (right) of 
x, y and z field components. Relative peak field amplitudes are 1, 0.22 and 0.78 for x, y and z 
components respectively. (b) Zernike modes present in expansion of the wavefront for the x 
field component. 
5.4 Discussion 
The foregoing examples show that the phase and amplitude of the complex field 
on the Gaussian reference sphere of a high NA lens can differ significantly across 
different linear polarisation states. The situation becomes more complicated in the 
case when focussing into an optically anisotropic medium. For a birefringent material 
the relative amount of light reflected and transmitted at refractive index boundaries 
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and the effective optical path length through the material depend on the polarisation 
state of the light and its orientation with respect to the optical axes of the material. In 
such cases, the wavefront in the lens pupil can no longer be accurately described as 
a scalar quantity and is dependent on the polarisation state. This suggests a 
challenge to traditional AO schemes which typically measure and correct wavefront 
as a scalar quantity. In such a situation restoration of optimal imaging performance 
would require the correction of the vector fields for which experimental methods have 
been described using SLMs [94]. 
The significance of these polarisation dependent effects clearly depends on the 
properties of the medium through which the light is focussed. Focussing through a 
highly birefringent material such as calcite, for which ∆𝑛 = 𝑛𝑜 − 𝑛𝑒 = 0.17 at 660 nm, 
using lenses of even moderate NA results in very significant amounts of polarisation 
dependent spherical aberration and astigmatism [95]. The effect of birefringence on 
light focussing in lithium niobate has also been investigated [96]. Although LiNbO3, 
for which ∆𝑛 = 0.08, is significantly less birefringent than calcite focussing deep 
(>15 μm) inside the material along its crystal axis with a high (1.45) NA lens results 
in multiple foci separated by several μm. The birefringence of typical biological 
samples is typically an order of magnitude less than LiNbO3 and as a result such 
polarisation dependent effects may be expected to be smaller. Birefringence 
measurements have been performed in various biological tissues, primarily using 
polarisation sensitive optical coherence tomography (OCT). A typical instrumental 
setup is a Michelson interferometer in which the sample is illuminated using circularly 
polarised light and the backscattered signal is measured in two linear, orthogonal 
polarisation states. Examples of reported values for tissue birefringence include 
porcine myocardium in the range 0.69 – 1.46 x 10-3 with a mean refractive index of 
1.36 [97] and bovine tendon of 3.7 x 10-3 with a mean refractive index of 1.42 [98]. 
However, even for these relatively weakly birefringent materials, the combination of 
high NA optics and deep imaging mean that such polarisation effects may still be 
large enough to significantly limit the performance of a scalar AO system. 
The general problem of wavefront sensing through high NA lenses in optically 
anisotropic materials, is an interesting area for further study, both in terms of 
quantifying polarisation effects on imaging of complex samples and devising 
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wavefront sensing and correction approaches which measure and generate a vector 
wavefront. 
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6 Programmable structured illumination 
microscopy 
6.1 Introduction 
The spatial frequency passband of a conventional widefield incoherent imaging 
system (such as a fluorescence microscope) is fundamentally limited to twice the 
coherent cutoff frequency, which is determined by the NA of the imaging lens and 
the wavelength of light. This limit restricts the ability of such imaging systems to 
resolve object structures smaller than approximately half the wavelength of light. 
Structured illumination microscopy (SIM) techniques seek to extend the frequency 
cutoff, and increase effective spatial resolution, by illumination of the sample with 
spatially modulated excitation light [99, 100]. Spatial frequency content in the object 
which is outside the conventional diffraction limited passband beats with the 
frequency of the patterned illumination field giving rise to lower frequency 
modulations inside the passband [101]. By acquiring multiple images under different 
phases and orientations of the excitation pattern, these aliased frequencies may be 
shifted back to their origin in Fourier space allowing the reconstruction of a higher 
resolution image of object. 
 This chapter considers the use of structured illumination (SI) to extend the 
passband cutoff to increase spatial resolution and image contrast of fluorescence 
images. The theory behind resolution enhancement using SI is presented for the 
case of illumination with a sinusoidal irradiance pattern. A practical SIM system is 
described in which excitation patterns are generated using a liquid crystal on silicon 
spatial light modulator configured as a programmable binary phase grating. The 
properties of the system are discussed, including the effect of wavefront aberrations 
on reconstructed images, the dependence of the SI pattern contrast on the 
polarisation state of the excitation laser and the ability of the system to reconstruct 
images in the presence of out of focus light. Superresolved and optically sectioned 
images obtained using the microscope are presented and the advantages and 
limitations of the system are discussed. 
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6.2 Resolution enhancement using structured illumination 
In principle SIM is possible with a range of different excitation patterns, however the 
simplest implementation relies on illumination of the object with a sinusoidal 
irradiance pattern, such as that arising from the interference of two spatially coherent 
plane waves. 
 𝐼(𝒓) = 𝐼0(1 + cos (𝒌𝟎 ∙ 𝒓 + 𝜙)), (6-1) 
where 𝑘0 is the frequency of the modulation. The Fourier transform of this intensity 
pattern comprises three delta functions separated by the modulation frequency 
 𝐼(𝒌) = 𝐼0�𝛿(𝒌) + 0.5𝛿(𝒌 + 𝒌𝟎)𝑒𝑖𝜙 + 0.5𝛿(𝒌 − 𝒌𝟎)𝑒−𝑖𝜙�. (6-2) 
The fluorescent emission from the object being imaged, 𝐸(𝒓) is given by the product 
of the excitation intensity and the object fluorophore distribution, 𝐷(𝒓) 
 𝐸(𝒓) = 𝐼(𝒓) ∙ 𝐷(𝒓). (6-3) 
From the convolution theorem, the Fourier transform of the emission distribution is a 
convolution of the illumination and the fluorophore spectra 
 𝐸�(𝒌) = 𝐼(𝒌)⨂𝐷�(𝒌). (6-4) 
For the case of sinusoidal illumination this becomes 
 𝐸�(𝒌) = 𝐼0�𝐷�(𝒌) + 0.5𝐷�(𝒌 + 𝒌𝟎)𝑒𝑖𝜙 + 0.5𝐷�(𝒌 − 𝒌𝟎)𝑒−𝑖𝜙�. (6-5) 
In other words, as well as the conventional widefield image, 𝐼0𝐷�(𝒌), the image 
contains information which is shifted by the modulation frequency. By acquiring 
images at multiple phases (for sinusoidal illumination three different phases are 
sufficient), 𝜙, these image components may be separated and the higher frequency 
components can be shifted to their origins in Fourier space to give an image with a 
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frequency passband which extends to 𝑘 + 𝑘0. If the illumination pattern is formed by 
the same lens used to image the object then the maximum achievable resolution 
enhancement with linear fluorescence imaging is a factor of 2, i.e. the passband 
extends to 2𝑘. Further increases in the extent of the passband are possible by 
introducing higher spatial frequencies into the excitation pattern, for example by 
saturation of the fluorescent emission [102] or the use of photoswitchable fluorescent 
labels [103]. 
Each of the terms in equation (6-5) is weighted by the OTF of the imaging 
system. Once the three components have been shifted to the correct positions in 
Fourier space the overall SIM OTF is given by a sum of the conventional widefield 
OTF with two displaced versions with half the amplitude. This is shown in Figure 
6-1(a) for an aberration free system with a circular pupil. The solid line shows the 
combined system OTF and the dashed lines the contributions from each of the terms 
in equation (6-5). The combined OTF now extends out to twice the classical 
incoherent cutoff frequency and is also increased at low and intermediate 
frequencies within the region corresponding to the widefield OTF. 
A single sinusoidal illumination pattern orientation provides resolution 
enhancement predominantly along one axis. The 2D OTF is then filled out by 
illuminating the specimen with sinusoidal patterns of different orientations. 
Commonly three orientations are used to provide a relatively isotropic resolution 
enhancement with nine images (three phases for each orientation). In this case the 
2D OTF has the hexagonal symmetry shown in Figure 6-1(b) and the corresponding 
PSF also possesses this 6 fold symmetry (see Figure 6-1(c)). In practice 
deconvolution and apodisation operations are often carried out on the reconstructed 
SIM images in order to give them an OTF which approximates that of a conventional 
imaging system with twice the numerical aperture [99]. 
The same principle of frequency mixing can be applied using any structured 
illumination light pattern. Examples include the use of three beam interference to 
generate an illumination pattern which is modulated along (as well as transverse to) 
the optical axis to allow resolution doubling in three dimensions [104]. In this case 
the Fourier transform of the emission distribution comprises 5 Fourier components 
requiring 15 images to reconstruct a super-resolved image section from three pattern 
orientations. Two dimensional patterns have also been proposed [105] which remove 
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the need for rotation of the illumination. It has been demonstrated that resolution 
enhancement with structured illumination is also possible using unknown excitation 
patterns such as speckle fields [106], where the reconstruction is performed from a 
sufficiently large number of images that the total irradiance summed over all patterns 
is assumed to be uniform. 
 
Figure 6-1. OTF and PSF for a structured illumination microscope with sinusoidal illumination 
at the incoherent cutoff.  (a) 1D OTF (solid black line) formed from a summation of a zero order 
and two displaced copies of the widefield OTF (dashed grey lines). (b) 2D OTF for the case 
where images are recorded with the sinusoidal illumination pattern rotated in three 60° steps. 
(c) conventional widefield (top) and SIM (bottom) PSFs obtained from a discrete Fourier 
transform of the OTF. 
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6.3 SLM-based structured illumination microscope system 
6.3.1 Optical layout of the system 
 
Figure 6-2. Schematic diagram showing optical layout of SIM system. L1-L4 are achromatic 
doublet lenses, SLM = spatial light modulator, M = plane mirror, MB = microscope body, MO = 
microscope objective lens. Inset II: phase gratings (period 9 pixels) displayed on the SLM to 
generate different pattern orientations. Inset III: the spatial filter in the Fourier plane of the 
SLM. Inset IIII: the resulting sinusoidal intensity pattern in the focal plane of the microscope 
objective. 
Figure 6-2 and Figure 6-3 show the optical layout of the SIM system which is a 
modified version of a design developed for high speed super resolution TIRF 
imaging [107]. A 488 nm optically pumped semiconductor laser (Sapphire 488-200, 
Coherent Inc.), with a maximum output power of 200 mW, is coupled into a single 
mode polarisation maintaining fibre. Light exiting the fibre is collimated and 
illuminates a ferroelectric liquid crystal on silicon SLM (SXGA-3DM, Forth Dimension 
Displays). Light reflected from the SLM passes through a Fourier transforming lens 
(L2), off a plane mirror (M) onto a mask which passes only the desired diffraction 
orders. Lenses L3 and L4 image the SLM Fourier plane to the pupil plane of the 
60x/1.3 silicone immersion objective lens (UPLSAPO 60XS, Olympus) microscope 
objective lens (MO). The diffracted orders passed by the mask overlap in the focal 
plane of the objective lens to create a sinusoidal irradiance pattern. 
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Figure 6-3. Photographs of the SIM system. Top: total system including the fibre coupled laser, 
illumination optics and the microscope body and incubation chamber. Bottom: top view of the 
illumination optics from the fibre output to the entrance port of the microscope frame. 
Optionally a nematic liquid crystal phase retarder (LCC1223-A, Thorlabs Inc.) 
and an achromatic quarter waveplate, are included in the optical path between L3 
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and L4 in order to co-rotate the polarisation state with the grating pattern orientation 
and maintain optimal contrast in the interference fringes (see section 6.3.5). The fast 
axis of the liquid crystal phase retarder is aligned at 45° to the polarisation of the 
incident light and the slow axis of the quarter waveplate is aligned parallel to the 
incident polarisation state. The resultant effect of these two elements on the 
polarisation state of the beam can be determined by considering the relevant Jones 
matrices. For a waveplate with retardation of 𝜑 between fast and slow axes with its 
fast axis at an angle 𝜃 to the x axis the Jones matrix can be written 
 𝐽WP(𝜑,𝜃) = �cos𝜑/2 + 𝑖 sin𝜑/2 cos 2𝜃 𝑖 sin𝜑/2 sin 2𝜃𝑖 sin𝜑/2 sin 2𝜃 cos𝜑2 − 𝑖 sin𝜑/2 cos 2𝜃�. (6-6) 
After the (horizontally polarised) light has passed through the variable retarder and 
the QWP its polarisation state is given by 
 𝐸out = 𝐽WP(𝜋/2,0)𝐽WP(𝜙, 45) �10� =  �cos𝜑/2sin𝜑/2�. (6-7) 
Thus the combined effect of the variable retarder and the quarter waveplate is to 
rotate the electric field vector through an angle equal to half the retardance 
difference between the fast and slow axes of the variable retarder. The switching 
speed of the phase retarder is 10-30 ms (depending on the required change in 
retardance) limiting the achievable image acquisition rate for the SIM system. 
The SIM system is built around a commercial inverted microscope body (IX71, 
Olympus), which is fitted with a 3-axis stepper motor driven translation stage for 
coarse positioning of the sample (H117, Prior Scientific) and a high resolution z 
stage insert for acquiring z-stacks (NanoscanZ, Prior Scientific). A light tight 
incubation chamber is fitted around the microscope body reducing stray light and 
allowing live samples to be maintained at physiological temperatures during imaging. 
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Figure 6-4. Diagram showing how the SLM can be configured as a binary amplitude or phase 
grating.  Top: when the incident polarisation is aligned with the fast axis of the QWP for one of 
the LC states a 90° polarisation is introduced between light reflected from on and off pixels. A 
linear polariser aligned with the incident polarisation direction blocks light reflected from the 
off pixels. Bottom: when the incident polarisation is between the two fast axis directions of the 
QWP, orienting the analysing polariser perpendicular to the incident polarisation axis results 
in a π phase difference between light reflected from the on and off pixels. 
The SLM comprises a layer of ferroelectric liquid crystals on a pixelated 
(CMOS) reflective silicon substrate. Each pixel effectively behaves as a waveplate 
which can be rapidly switched between two orientations. In the ideal case each pixel 
acts as an electrically addressable quarter wave plate (QWP) which rotates through 
45° between on and off states (dynamic switching angle, DSA). By choosing the 
polarisation orientation of the incident light with respect to the axes of the QWP and 
using an analysing polariser the SLM can be configured as a binary amplitude or 
phase grating as illustrated in Figure 6-4. In the amplitude case, the incident light is 
linearly polarised parallel to the QWP for one of the LC switching states (‘on’). Light 
passing through the LC layer then undergoes no change in polarisation state. In the 
other switched state (‘off’) light is circularly polarised after passing through the LC 
layer. Following reflection from the mirrored backplane the sense of circular 
polarisation is changed and after a second pass through the LC layer the polarisation 
state of light reflected from the SLM has been rotated by at 90° with respect to the 
incident state. An analyser parallel (or orthogonal) to the incident polarisation vector 
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then passes (or blocks) only light from the on pixels. To create a phase grating the 
light incident on the SLM is linearly polarised in a direction between the axes of the 
QWP corresponding to the two LC states. After the first pass through the LC layer 
light is elliptically polarised, after reflection from the backplane and second pass 
through the LC layer light is linearly polarised at 45° to the vertical, with 90° between 
the polarisation axis of light reflected from the on and off pixels. The horizontal 
components, selected using a linear polariser, have an effective π phase difference. 
The theoretical diffraction efficiency for a binary phase grating is 40.5%. In 
practice the SLM is not ideal for several reasons. Firstly the liquid crystal layer has a 
quarter wave retardance at 550 nm, thus at other wavelengths the liquid crystals 
convert linearly polarised light to elliptical polarisation. Secondly, the DSA is 33.5° 
rather than the ideal 45°. When operated as a phase grating the resulting angle 
between the output polarisation states is 67° reducing the effective efficiency of the 
grating. Other losses due to the 92% fill factor and reflectance of the backplane 
further reduce the diffraction efficiency. 
The refresh rate of the SLM is fundamentally limited by the switching speed of 
the liquid crystals, which is approximately 40 μs. SXGA (1280 x 1024) resolution 
bitmap images corresponding to the different grating patterns are stored, along with 
triggering/timing commands for the image sequence, in non-volatile memory on the 
display interface card. This sequence is transferred to fast access volatile memory 
(DRAM) on device startup enabling rapid upload of the different bitplanes to the 
display. 
To create a sinusoidal illumination pattern, the SLM is programmed to display 
a series of straight lines (see inset II in Figure 6-2) which impart a phase delay of 0 or 
π. All but the positive and negative first diffracted orders are blocked by the mask in 
the Fourier plane of the SLM. Rotating the illumination pattern in three 60° steps 
gives a reasonably isotropic OTF (Figure 6-1). To achieve this, the SLM is 
programmed to display binary fringes of the relevant orientation and the Fourier 
plane mask has three pairs of holes (see inset III in Figure 6-2) to pick out the 
positive and negative first diffracted orders for each orientation. The pixellation of the 
SLM means that there are small differences in the effective fringe period depending 
on their orientation. The mask is made from 1 mm thick aluminium plate with 300 μm 
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holes drilled through it. In practice a set of masks with different hole spacings are 
used to match different SLM fringe periods. 
In order to separate out the zero and first order frequency shifted components 
for each pattern orientation, a minimum of 3 phase shifts are required. Further, for 
uniform irradiance, and hence signal to noise ratio, averaging over these three phase 
shifts should give a uniform field. This means that the number of pixels in the SLM 
grating period should ideally be divisible by 3. Further, the grating period should be 
chosen such that when the hologram is rotated through 60° it still has approximately 
the same frequency. Gratings of period 6 and 9 pixels result in the first diffracted 
orders which have a separation 95% and 62% of the full pupil diameter of the 
objective lens respectively. For maximal increase in the extent of the imaging 
passband these orders should be incident at the edges of the pupil. In practice the 
real instrumental OTF is degraded by aberrations and improved imaging 
performance is obtained by boosting the contrast at intermediate spatial frequencies, 
by reducing the spatial frequency of the excitation pattern. 
Images are acquired using a scientific CMOS (sCMOS) digital camera (ORCA 
Flash 4.0, Hamamatsu). The display of gratings on the SLM is synchronised with the 
global exposure period of the camera’s rolling shutter through TTL hardware trigger 
signals between the SLM interface board and the camera. The camera pixels have a 
pitch of 6.5 μm in x and y. With a 60x / 1.3 silicone immersion objective lens, and the 
additional x1.6 magnification changer in the microscope body, this corresponds to 
sampling the object every 6.5 μm / (1.6x60) = 68 nm, which is significantly above the 
Nyquist sampling rate of 99 nm at 515 nm. Images are typically captured from an 
area of 512 x 512 pixels in the centre of the camera chip, which corresponds to a 
field of view of 34.7 μm x 34.7 μm. With this array size the maximum readout speed 
from the camera is 400 frames per second. In practice the achievable imaging rate is 
limited by the exposure time required to attain a satisfactory signal-to-noise ratio in 
each image frame which is turn is dependent on brightness and photostability of the 
fluorescent dyes being imaged. 
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6.3.2 Image reconstruction 
Resolution enhanced images are reconstructed based on the method outlined in 
reference [104]. Each set of three images, corresponding to three phase steps for 
one illumination pattern orientation, is processed separately. The three orientations 
are then combined in Fourier space and transformed to yield the final reconstructed 
image. For a given orientation, each image pixel has an associated 3 element vector 
which is Fourier transformed to separate the 0 and +/- 1 order components (where 
the -1 order is the complex conjugate of the +1 order rotated through 180°). The +/-1 
order images contain high frequency information which has been frequency shifted 
and must be moved back to the correct location in Fourier space. The magnitude 
and angle of the required shift is equal to the spatial frequency of the illumination 
pattern and its orientation. The shifts must be performed extremely accurately to 
prevent errors in the reconstructed image. Due to the pixellation of the SLM the 
magnitude of the frequency shift varies depending on the orientation of the phase 
grating. In practice the necessary frequency translation vectors are found by 
performing image correlation between the first and zeroth order components which 
both share some of the same low spatial frequency information (see Figure 6-5). 
Fourier space images for the three orientations are combined using a 
generalized Wiener filter 
 ?̃?(𝒌) = ∑ 𝑂𝑚∗ (𝒌 + 𝑚𝒑𝑑)𝐷�𝑑,𝑚𝑑,𝑚 (𝒌 + 𝑚𝒑𝑑)
∑ |𝑂𝑚′(𝒌 + 𝑚′𝒑𝑑′)|2 + 𝑤2𝑑′,𝑚′ 𝐴(𝒌), (6-8) 
where ?̃?(𝒌) is the spectrum of the reconstructed image, the summation extends over 
all pattern orientations, 𝑑, three component orders 𝑚 at each orientation, 𝑂𝑚 is the 
optical transfer function for order m, 𝒑𝑑 is the wavevector for pattern orientation d, 
𝐷�(𝒌 + 𝑚𝒑𝑑) is the Fourier transform of a single raw image which has been shifted to 
the correct location, 𝑤 is the Wiener parameter and 𝐴(𝒌) is an apodisation function. 
The effect of multiplying by the complex conjugate of the OTF and dividing by the 
squared modulus is to deconvolve the image. The Wiener parameter, 𝑤, is used to 
limit the amplification of frequency components which lie far from the peaks in the 
zeroth and first order OTFs reducing the noise associated with these components in 
the final reconstructed image. 
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Figure 6-5. Example of the Fourier space components which are combined to make up a SIM 
image. (a) The 6 frequency shifted components and the zero order component at the centre 
and (b) a comparison of the conventional widefield (top) and SIM (bottom) MTF after addition 
of the individual components shown in (a) along with apodisation and Wiener filtering. 
Again following the method described in [104] the combination of the image 
components is performed practically by first determining the frequency space shift 
vectors, pd, for each pattern orientation from the peak of the cross correlation of 
𝑂1
∗(𝒌 + 𝒑𝑑)𝐷�0 with 𝑂0∗(𝒌)𝐷�1(𝒌 + 𝒑𝑑). In practice, due to noise in the images, the 
region of Fourier space over which this cross correlation in performed is restricted in 
order to reduce the likelihood of false maxima leading to an incorrect shift vector. 
The positive and negative frequency space components are then shifted to the 
correct locations by multiplication of the real space image by the phase gradient 
corresponding to the shift vector, 𝑒2𝜋𝑖𝒑𝒅∙𝒓. Performing this operation in real space, 
rather than Fourier space, allows sub pixel frequency shifts to be applied. Complex 
linear regression between 𝑂1∗(𝒌 + 𝒑𝑑)𝐷�0 and 𝑂0∗(𝒌)𝐷�1(𝒌 + 𝒑𝑑) in the overlap between 
the zeroth and first order OTFs, is then used to determine the contrast, 𝑐1, of the 
excitation fringes and the starting phase, 𝜑10. The positive and negative first order 
components are then scaled by 𝑐1𝑒𝑖𝜑10 and added to the zero order passband. 
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Finally, the Fourier space image is multiplied by the complex conjugate of the 
extended OTF (Figure 6-1) and divided by the squared modulus of the OTF plus the 
Wiener parameter and multiplied by a triangular apodisation function which tapers 
linearly to zero at twice the classical incoherent cut off frequency (equation (6-3)). In 
practice the OTF of the microscope is approximated by the analytic form for a 
diffraction limited imaging system with a circular pupil (equation (1-4)), with the 
incoherent cut off frequency estimated from the Fourier transform of an image of sub 
wavelength fluorescent beads sparsely seeded onto a coverslip. 
 
Figure 6-6. Comparison of widefield and SIM images of 170 nm diameter yellow-green 
fluorescent microspheres. (a) Widefield image (left) and reconstructed SIM image (right). (b) 
Magnified view of a region in (a). (c) Line profiles through widefield (blue) and SIM (green) 
images of a single fluorescent microsphere. 
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Figure 6-6 shows example widefield and SIM images of 170 nm diameter 
yellow-green fluorescence microspheres (PS-Speck, Invitrogen) on a glass slide. 
Where they pack together into a monolayer, individual microspheres are clearly 
resolvable in the SIM image, but not in the widefield image. The FWHM of a line 
profile drawn through the image of a single fluorescent microsphere shows a 
significant reduction in FWHM in the SIM as compared to the widefield image. 
6.3.3 The effect of aberrations 
Wavefront aberrations modify the pupil function of the imaging system and thus the 
optical transfer function. For conventional diffraction limited imaging systems 
aberrations tend to reduce the OTF particularly at high spatial frequencies, resulting 
in a loss of fine detail in the resulting image and degraded spatial resolution. 
However the effect aberrations have on the reconstructed image in SIM is less 
obvious owing to the various computational steps required to reconstruct the final 
image. It is convenient to consider the illumination and detection systems of the 
microscope separately. 
 The excitation pattern is formed by the interference of two mutually coherent 
beams. Perturbation to the wavefront of one of these beams may result in 
interference fringes which are no longer purely sinusoidal and effectively contain 
other spatial frequencies. The image reconstruction method described here assumes 
that the specimen is illuminated by a single spatial frequency which is uniform across 
the field of view. If this is not the case then the shift vectors, 𝒑𝑑, and the fringe 
modulation depth, 𝑐1, will vary across the image along with the accuracy of the 
reconstruction. Lower order aberrations in the lens pupil, which may be considered 
constant across the waist of each interfering beam can shift the location of the 
volume over which the beams overlap and form the excitation pattern. In particular, 
spherical aberration has the effect of axially shifting this overlap region, reducing the 
lateral extent over which the illumination pattern is formed in the focal plane of the 
objective lens reducing the field of view of the microscope. Provided the amount of 
spherical aberration is known then its effect on the illumination system can be dealt 
with in the reconstruction algorithm [108]. Further, it has been suggested that the use 
of an adaptive optic element, such as a deformable mirror, in the detection path may 
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be used to compensate for the effect of spherical aberration on the illumination 
system [108]. 
 Wavefront aberrations in the detection path of the microscope modify the 
detection OTF and this has a number of consequences. As the extent of the 
passband is reduced the total SIM OTF increasingly resembles three narrow 
supports centred on 0 and +/- 𝒑𝑑 (see Figure 6-1(a)). In other words only the DC 
component and the modulation frequency of the pattern are imaged effectively. As 
the OTF cutoff decreases so does the region of overlap between the zeroth and first 
order Fourier components making determination of the image reconstruction 
parameters difficult. When aberrations are large enough such that there is no overlap 
between these components the shift vector and complex contrast parameters can no 
longer be determined from image correlation and complex regression in Fourier 
space. 
When the real, albeit degraded, system OTF is known then the extended SIM 
OTF will be accordingly modified, potentially with regions of low or zero contrast 
between the zeroth order and the shifted first order passbands. In such a case, if 
correction of wavefront aberrations and restoration of the optimal detection OTF is 
not possible, it may be preferable to increase the period of the excitation pattern. 
This will increase the value of the SIM OTF at intermediate frequencies at the 
expense of contrast at high spatial frequencies. When the real system OTF is not 
known, weighting of the zeroth and first order components by the incorrect first and 
zeroth order OTFs respectively results in incorrect determination of the fringe 
contrast parameter. This error is compounded when the Fourier space image 
components are combined through the Wiener filter causing incorrect weighting of 
the various frequencies. The resulting effect on the reconstructed SIM image is 
similar to performing deconvolution with an incorrect PSF kernel. 
The actual OTF of the microscope was measured by applying an iterative 
algorithm [109]  to retrieve the complex pupil function from a z-stack series of images 
of a single 0.1 μm diameter yellow-green fluorescent microsphere adsorbed onto a 
glass coverslip. The separation between adjacent xy image slices was 0.1 μm. From 
the retrieved complex pupil function, the rms wavefront aberration in the pupil is 
λ/11.5. The defocus term is an artefact of the phase retrieval algorithm resulting from 
the fact that the in focus image is not in the axial centre of the z-stack. It is likely that 
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at least some of the aberrations arise from the dichroic mirror in the microscope. In 
principle the OTF determined by the autocorrelation of the measured pupil function 
may be used in the reconstruction algorithm to yield an improved SIM image. This 
assumes that the real OTF is invariant for different samples, whereas experimental 
differences such as coverslip thickness, specimen refractive index and the emission 
spectrum of the fluorescent dye will mean that this is unlikely to be the case. One 
solution would be to measure the OTF in situ for each specimen for example by 
introducing subwavelength fluorescent microspheres into the sample. 
 
Figure 6-7. Complex pupil function of SIM microscope system retrieved from a z-stack of a 
single 0.1 μm diameter fluorescent microsphere. (a) Negative images of part of the z-stack 
(contrasted enhanced), (b) bar chart showing relative magnitude of the first 28 Zernike 
coefficients, (c) retrieved phase (top, rad) and amplitude (bottom, a.u.) of the complex pupil 
function. 
6.3.4 Limitations of the two beam interference pattern 
A sinusoidal excitation pattern is the simplest practical implementation of SIM. It is 
also the most efficient pattern to use in terms of the number of phase steps (3) 
required to separate the various frequency shifted components. However there are 
several limitations; principally a lack of resolution enhancement in the axial direction 
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and an inability to work effectively in the presence of significant out of focus light 
and. Figure 6-8 shows the effect of out of focus light on a SIM reconstruction of the 
Golgi complex inside a HeLa cell. The Golgi complex is several μm thick. Light from 
out of focus planes is imaged with a modified OTF, however the components from 
these out of focus planes is combined through a Wiener filter assuming the in focus 
OTF. This causes the characteristic periodic patterning seen across the image. 
 
Figure 6-8. SIM reconstruction of the Golgi complex in a HeLa cell.  The periodic patterning in 
the upper part of the image is due to out of focus light. 
Altering the excitation pattern such that it is modulated in the axial direction 
effectively allows both the removal of out of focus light from each frame and an axial 
resolution doubling. The simplest method for achieving this is to modify the Fourier 
plane mask to allow the zero order diffracted beam through to the pupil plane of the 
objective lens [104]. The intensity distribution in the object resulting from the 
interference of the corresponding 3 plane waves is the well-known Talbot carpet. A 
lateral intensity modulation is repeated at set intervals in the axial direction. 
Interspersed between these planes is a modulation of the same frequency but phase 
shifted by half a period. The Fourier transform of the two dimensional intensity 
distribution at each plane contains five components, the zero order, positive and 
negative orders at the same frequency as the 2 beam interference pattern and 
positive and negative orders halfway between the zero and the first orders in the 2 
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beam interference pattern. A minimum of 5 phase steps are, thus required to 
separate the orders and reconstruct a super resolution image. 
For imaging structures at the surface of the coverslip, out of focus light can be 
removed using total internal reflection fluorescence (TIRF) imaging [107]. In this 
case, the limited penetration of the evanescent field into the specimen means that 
only fluorophores lying close to the coverslip are excited. Some preliminary TIRF 
experiments were performed using a 1.49/100x TIRF lens (UApo N, Olympus) which 
has an entrance pupil of nominal diameter 5.36 mm. A period 9 grating results in first 
diffracted order spots at 92% of the pupil diameter which is within the TIRF ring for 
aqueous samples. Image reconstruction is challenging due to the relatively limited 
overlap between the zero and first order passbands. This is further compounded by 
the difference between the excitation and emission wavelength of the fluorescent 
dye which can push the modulation frequency outside the diffraction limited 
passband making determination of the fringe parameters challenging. One solution is 
to modify Fourier plane mask to allow the zeroth diffracted order to pass through to 
the objective pupil plane (3D SIM illumination pattern). The Fourier transform of the 
resulting three beam interference pattern contains a component corresponding to a 
frequency exactly half that of the two beam pattern. The 2 beam shift vector may 
then be inferred by image correlation between the zeroth and first order components 
of the three beam pattern. 
A final method for reconstructing SIM images in thick fluorescent samples is 
to attenuate the various passbands to suppress out of focus light. There are several 
ways to achieve this (see section 6.5). One approach is to exclude the zeroth order 
passband [110] from the reconstruction, with the tradeoff being a degradation in the 
signal-to-noise ratio at low to intermediate spatial frequencies. These approaches 
can be successful for some samples, but tend to fail in the presence of a significant 
amount of out of focus background when the noise in the out of focus background 
dominates over the modulation at the excitation frequency. 
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6.3.5 Polarisation effects on contrast in structured illumination 
microscopy 
Common to all structured illumination microscopes is the need to generate excitation 
fields with high modulation contrast. High contrast is essential in order to generate 
effective super-resolved images, as the signal-to-noise of the reconstructed high 
spatial frequency image components is directly proportional to the SI contrast. 
Multiple factors such as imaging aberrations and the presence of out-of-focus light 
reduce excitation contrast. The use of high numerical aperture (NA) microscope 
objectives also results in the pattern contrast becoming dependent on the 
polarization state of the illumination. Optimal contrast is obtained when the 
illumination is linearly polarized in the s direction (perpendicular to the meridional 
plane of the objective lens). The use of circular polarisation, results in substantially 
lower, albeit isotropic, pattern contrast [111]. In practice, to maintain high pattern 
contrast, the linear polarization state of the illumination is co-rotated with the SI 
pattern. This either limits the image acquisition speed or requires additional electro-
optic elements. 
 
Figure 6-9. Geometry of fringe formation in a 2D structured illumination microscope 
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In practice SIM systems generate periodic structured light patterns through 
interference of two or more mutually coherent beams at the focal plane of a 
microscope objective (Figure 6-9). These beams are generated by illuminating a 
diffractive optic element (DOE) with a laser and selecting the required orders using a 
spatial filter. The DOE is typically either a phase grating or a SLM programmed to 
display different holograms. In order to achieve near isotropic resolution 
enhancement, the illumination pattern is rotated through 180° in discrete angular 
steps. This is achieved either by physically rotating the fixed DOE or by changing the 
hologram displayed on the SLM. 
The use of high NA microscope objectives (typically 1.3 – 1.49) to maximize 
image resolution means that any (p) component of polarization in the meridional 
plane is rotated as light propagates through the lens. This means that the 
polarization states of the interfering beams are no longer parallel, reducing the 
contrast of the SI pattern and degrading the super-resolved image reconstructions. 
As a result, most current SIM systems co-rotate the polarization state of the 
interfering beams with the SI pattern to maintain s polarization at all pattern 
orientations. 
Consider two parallel rays, linearly polarized perpendicular to the optical axis, 
incident at diametrically opposed points on the edge of the lens pupil (Figure 6-9). In 
passing through the lens, one ray is rotated through an angle 𝛼 and the other 
through −𝛼 (where 𝑁𝐴 = 𝑛 sin𝛼). Performing the matrix multiplication (5-4) shows 
that, after passing through the lens, the transverse field components remain in 
phase, but that there is a 𝜋 phase difference introduced between the axial and 
transverse components. The resulting intensity pattern at the focal plane of the lens 
is sinusoidal with a fringe spacing of 𝜆/2𝑁𝐴 and a modulation contrast, 𝐶 = (𝐼𝑚𝑎𝑥 −
𝐼𝑚𝑖𝑛)/(𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛), given by 
 𝐶 =  |𝐸1𝑥|2 + �𝐸1𝑦�2 − |𝐸1𝑧|2|𝑬1|2 . (6-9) 
From equations (5-4) and (6-9), the intensity contrast in the focal plane is given by 
 𝐶(𝛼,𝜙) =  |cos𝛼 cos2 𝜙 + sin2 𝜙|2 + |sin2 (𝛼/2) sin 2𝛼|2
− |cos𝜙 sin𝛼|2 . (6-10) 
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Figure 6-10. Fringe contrast as a function of the angle 𝜶 between two interfering beams and 
the linear polarization orientation, 𝝓, with respect to the meridional plane. 
Figure 6-10 shows how this function varies with the half angle between the 
interfering beams, 𝛼, and the orientation of the incident linear polarization state with 
respect to the meridional plane, 𝜙. For all 𝛼 ≥ 𝜋/4 there is a polarization orientation 
that results in zero fringe contrast; at 𝛼 = 𝜋/4 this corresponds to p polarised light. 
For larger interference angles minimum contrast is generated at progressively larger 
angles with respect to the meridional plane, approaching 𝜋/4 as 𝛼 approaches 𝜋/2. 
Of particular interest for SIM is the fact that, at large values of 𝛼(high NA) there exist 
three values of 𝜙, 60° apart, which all correspond to high pattern contrast. For 
example, the SI patterns formed by a NA 1.3 silicone immersion objective for 
𝜙 = −2𝜋/3,0,2𝜋/3 the corresponding contrast values are 0.57, 0.71 and 0.57 (for 
polarization states at 90° to these the contrast values are 0.29, 1, 0.29). For 
comparison, using circularly polarised light with the same lens results in a contrast of 
0.14 for all values of 𝜙. Thus by using an appropriate linear polarization state, three 
high contrast fringe patterns can be formed with a fixed linear polarization state. 
Direct measurement of the contrast for different illumination pattern 
orientations would require a thin, highly uniform fluorescent layer. However it is 
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difficult to creating such a sample. Instead, contrast measurements were performed 
using 110 nm diameter yellow-green fluorescence microspheres (Fluospheres, 
Invitrogen). The contrast for each pattern orientation was measured by imaging a 
number of microspheres and phase stepping the fringe pattern through 2𝜋 radians. 
Each pixel, i, in the image generates a vector, 𝑥𝑖, as the pattern is phase-stepped, 
that varies with the phase and amplitude of the excitation field. After image 
thresholding, the pattern contrast was calculated as twice the ratio of the power in 
the first Fourier component to the power in the zeroth component averaged over all 
N image pixels. Using three equally spaced phase steps results in the following 
contrast equation 
 |𝐶| =  √2
𝑁
�
�(𝑥𝑖0 − 𝑥𝑖1)2 + (𝑥𝑖1 − 𝑥𝑖2)2 + (𝑥𝑖2 − 𝑥𝑖0)2
𝑥𝑖0 + 𝑥𝑖1 + 𝑥𝑖2 .𝑁𝑖=1  (6-11) 
Figure 6-11 shows the results obtained using different grating periods, along 
with theoretical results. Beam interference angles, 𝛼, were calculated from the 
nominal refractive index of the sample medium (silicone oil, n = 1.406) and the fringe 
spacing (determined from the Fourier transform of an image of a cluster of 
microspheres). The grating periods of 6, 7 and 9 SLM pixels correspond to fringe 
periods of 190 nm, 217 nm and 288 nm and 𝛼 of 66.3º, 53.3 º and 37.1º. As 
expected, for p polarised light (𝜙 = 0) the contrast decreases with interference half 
angle for 𝛼 < 𝜋/4, before increasing for 𝛼 >  𝜋/4. Error bars represent measurement 
uncertainties due to noise in the images. These uncertainties were calculated by 
propagating the noise, measured from the standard deviation of a sequence of 
images acquired with a static hologram, through equation (6-11). 
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Figure 6-11. Measured (filled circles) and theoretical (solid lines) contrast variation with 
polarization orientation. (a)-(c) show results for interference angles, 𝜶, of 37.1 º, 53.3 º and 
66.3º as 𝝓 varies from −𝝅
𝟐
 to 𝝅
𝟐
 radians. Data are normalized so that contrast is 1 for s 
polarisation. 
 
Figure 6-12. Diffraction limited (left) and fixed polarization SIM images (right) of Muntjac skin 
fibroblast cells labeled with Alexa Fluor 488 phalloidin (actin). Inset: line profile comparing 
images, circles show diffraction limited results, squares show SIM results. 
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Figure 6-12 shows a superresolution image reconstruction obtained with fixed 
linear polarisation and an interference angle 𝛼 = 35.3º. The image was acquired 
using nine illumination patterns at 𝜙 = −2𝜋/3, 0, 2𝜋/3 with three 2𝜋/3 phase-steps at 
each orientation. The result in Figure 6-12 shows the expected improvement of 
lateral resolution, with adjacent actin fibre bundles resolved with high contrast at a 
separation of 300 nm. 
6.3.6 Two colour SIM imaging 
Being able to distinguish spectrally distinct fluorophores within the same sample 
allows the spatial relationship between different labelled structures to be determined, 
an extremely useful capability for many biological and biomedical studies. The SIM 
system presented can be readily extended to two-colour imaging, however there are 
trade-offs to be made in terms of resolution enhancement and imaging speed. To 
maintain optimal extension of the passband cutoff for different laser excitation 
wavelengths, the period of the grating on the SLM must be varied with excitation 
wavelength. However, the pixellation of the SLM and the requirement to maintain a 
constant period as the grating is rotated means that a compromise must be made. 
To allow two-colour fluorescence imaging an additional fibre coupled excitation laser 
(Sapphire 561 LP, Coherent Inc.), with a centre wavelength of 561 nm and a 
maximum power output of 200 mW, was added to the system shown in Figure 6-2 
and Figure 6-3. The two lasers were combined with a non polarising beam splitter 
mounted between collimating lens L1 and the SLM. Two-colour images were 
acquired sequentially by opening and closing high speed shutters mounted in front of 
the lasers. The same phase gratings were displayed on the SLM for both 
wavelengths. With an SLM grating period of 9 pixels, the first orders were separated 
by 1.99 mm and 2.29 mm at 488 nm and 561 nm respectively. To accommodate this 
difference in position of the first orders, a new spatial filter was made with 3 pairs of 
500 μm diameter holes spaced by 60° and centred on a circle of diameter 2.14 mm. 
A multiband dichroic reflector (Di01 R488/561, Semrock, Inc.) in the fluorescence 
filter cube of the microscope passed fluorescence emission excited by both laser 
wavelengths. 
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 Due to dispersion in the detection path of the microscope it was necessary to 
spatially register the two-colour images after acquisition. The required spatial 
transformation was measured by imaging 0.1 μm diameter fluorescent microspheres 
each loaded with multiple fluorescent dyes (Tetraspeck, Life Technologies). The 
sample was prepared by allowing a drop of diluted solution containing the 
microspheres to dry on a glass coverslip. Images of the same area of the coverslip 
were then acquired under illumination at 488 nm (exciting a green dye) and 561 nm 
(exciting an orange dye). The geometrical transformation required to register the two 
images was estimated by minimising the mean square difference between the 
images under an affine transform (allowing for translation, rotation, scale and shear). 
Figure 6-13 shows an image of the Tetraspeck beads before (left) and after (right) 
applying the affine transform to the 561 nm image, where the 488 nm image has 
been coloured green and the 561 nm image has been coloured red. Most of the 
difference between the unregistered images is due to a linear translation of 
approximately 2 image pixels (70 nm). 
 
Figure 6-13. Reconstructed two-colour SIM images of 0.1 μm diameter fluorescent 
microspheres before (left) and after (right) image registration. Scale bar is 0.5 μm 
6.4 Example SIM images 
The SIM system was used to image various fluorescent samples. Figure 6-14 and 
Figure 6-15 show examples of proteins in HeLa cells labelled with primary-secondary 
Programmable structured illumination microscopy 
___________________________________________________________________ 
137 
 
antibody staining. HeLa cells were grown on glass coverslips and fixed with 
formaldehyde before washing in phosphate buffered saline (PBS). Prior to immuno 
labelling, cells were permeabilised with 0.1% Triton 10 X-100 washed in PBS, 
blocked with 1% BSA and 0.1% Triton X-100 blocking solution and washed again in 
PBS. Cells were incubated with primary and then secondary antibodies for 30 
minutes with a block wash between each incubation. Finally, cells were washed 
again in PBS and mounted using antifade reagent (Prolong Gold, Invitrogen). 
 Figure 6-14 shows clathrin, a protein involved in the formation of coated 
vesicles, clustered in a HeLa cell. The inset image shows several clathrin stuctures 
which have been left behind when the cell has been detached from the coverglass. 
The SIM image shows ring-like structures and fine detail not visible in the 
conventional widefield images. Similar ring structures have been observed when 
imaging clathrin using dSTORM localisation microscopy (data not shown). 
 
Figure 6-14. Widefield (left) and SIM (right) images of clathrin in vesicles and membranes in 
HeLa cells.  Labelling with a mouse anti-clathrin primary antibody bound to anti-rabbit-Alexa 
488.  Inset shows magnified view of the boxed regions in the main images. 
Figure 6-15 shows LAMP1 protein in HeLa cells. LAMP1 is found in 
lysosomes and vesicles inside cells, in the images lysosomes are the larger, brighter 
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structures. The improved spatial resolution of the SIM image over the conventional 
widefield image means that individual lysosomes and vesicles appear smaller and 
can be more easily separated. 
 
Figure 6-15. Widefield (left) and SIM (right) images of LAMP1 in lysosomes and vesicles in 
HeLa cells. labelling with a mouse anti-Lamp1 primary antibody bound to anti-mouse-Alexa 
488.  Inset shows magnified view of the boxed regions shown in the images. 
Figure 6-16 shows widefield and SIM reconstructed images of microtubules 
stained with tubulin. The improved spatial resolution in the SIM image enables 
closely spaced microtubules to be resolved as individual filaments (lower part of 
figure). The non-uniformity of the fluorescent labelling along individual microtubules, 
blurred out in the widefield image, is apparent in the SIM image. 
Finally, Figure 6-17 shows images of mitochondria in a muntjac skin fibroblast 
labelled with anti-OxPhos Complex V inhibitor protein mouse monoclonal antibody in 
conjunction with Alexa Fluor 555 goat anti-mouse IgG. The sample was several μm 
thick and there is significant out of focus light in the widefield image. This appears as 
a dim periodic patterned background in the SIM image reconstruction. 
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Figure 6-16. Top: widefield (left) and SIM (right) images of tubulin staining of microtubules in a 
HeLa cell.  Bottom left:  magnified view of the subregions shown in the full widefield (left) and 
SIM (right)  images. Bottom right: intensity profiles along the coloured lines shown in the sub 
images indicating improved spatial resolution in the SIM image (blue line) compared to the 
widefield image (red line). 
Programmable structured illumination microscopy 
___________________________________________________________________ 
140 
 
 
Figure 6-17. Widefield (left) and SIM (right) images of mitochondria in muntjac skin fibroblast 
cells labelled with anti-OxPhos Complex V inhibitor protein mouse monoclonal antibody in 
conjunction with Alexa Fluor 555 goat anti-mouse IgG. 
6.5 Optical sectioning with structured illumination 
In addition to providing lateral resolution enhancement, sinusoidal excitation patterns 
can also be used to remove out of focus light and provide optical sectioning. An 
optically sectioned image, Is, can be formed from three images, I1-3, obtained with a 
sinusoidal excitation pattern phase shifted by 2π/3 between each image using, 
 𝐼𝑠 = [(𝐼1 − 𝐼2)2 + (𝐼1 − 𝐼3)2 + (𝐼2 − 𝐼3)2]1/2. (6-12) 
Equivalently, Is can be computed from the magnitude of the first order component of 
a Fourier transform performed across the 3 images. As the excitation pattern is 
phase shifted only the in focus portion of the light reaching the camera is modulated. 
In taking the differences between images, the out of focus light is removed [110]. 
Optimal sectioning is achieved when the frequency of the excitation pattern is equal 
to half the incoherent cutoff [112]. In this case the optical section thickness of the 
resulting images is comparable to that achieved by a confocal microscope [112]. 
Unlike the linear Fourier space reconstruction method described previously, 
reconstruction using equation (6-12) requires no knowledge of the parameters of the 
excitation pattern. Further, to maximise speed images only need be acquired for a 
single pattern orientation. The lateral resolution of the image created using equation 
(6-13) is improved over the conventional widefield image, however the OTF of the 
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sectioned image is not shift invariant [112] and at each point in the image depends 
on the local spatial frequency content of the object. Being a widefield (parallel) 
imaging technique this SI method offers significant advantages in terms of speed 
over laser scanning confocal microscopy. The limitation is that the noise in the out of 
focus signal may dominate for thick samples degrading the resulting sectioned 
images. 
 Fast optical sectioning was implemented in the SIM system described above 
by increasing the period of the holograms displayed on the SLM (to 12 pixels) such 
that the diffracted first orders were separated by half the diameter of the objective 
lens pupil. A modified spatial filter was produced with an appropriate hole spacing to 
transmit these more closely spaced orders in the Fourier plane of the SLM. This 
optical sectioning SIM configuration was used in an experiment to measure the 3D 
morphology of the cuticle of C. elegans specimens. Specimens were prepared by 
covalent conjugation of 0.2 μm diameter carboxylate modified fluorescent 
microspheres (Fluospheres, Invitrogen) which were activated using EDC and NHS. 
After overnight incubation in a coupling buffer containing the microspheres the 
specimens were washed and pelleted using centrifugation to remove any unattached 
microspheres. A small drop of medium containing several specimens was then 
placed onto a microscope coverslip, before a second coverslip was mounted on top 
and sealed with nail varnish. Samples were imaged using a 40x/0.6 air objective lens 
(LUCPlanFLN, Olympus). Typical exposure times were between 10 ms to 25 ms per 
raw image or 30 ms to 75 ms per sectioned image. For a typical specimen thickness 
of 50 μm, Nyquist sampling in the axial direction (equation (4-1)) corresponds to a 
separation between adjacent z-planes of 1.3 μm. To capture the entire thickness of 
the specimen required 38 x-y planes, which takes between 1.1 and 2.9 seconds. In 
practice the image acquisition time was increased slightly by other hardware and 
software processes including reading and saving data from the camera and moving 
the z axis stage. 
 Figure 6-18 shows example widefield and optically sectioned images of 
fluorescent microspheres attached to part of the cuticle of a C. elegans specimen. 
Out of focus light from microspheres out of the focal plane and autofluorescence 
from the specimen are effectively removed in the sectioned image. Individual 
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microspheres have higher contrast in the sectioned image improving the potential for 
reliable image segmentation. 
 
Figure 6-18. Conventional widefield (left) and optically sectioned (right) images of 0.1 μm 
diameter fluorescent microspheres adsorbed onto the cuticle of a C. elegans specimen.  
Widefield image formed from summation of three images obtained with a phase stepped 
sinusoidal excitation pattern. Optically sectioned image formed from the square root of the 
sum of the squared difference images. 
The conventional 2D SIM image reconstruction approach can also be altered in 
order to suppress out of focus light through attenuation of either the zero or both the 
zero and first-order passbands [113, 114]. Provided the frequency of the excitation 
pattern is sufficiently low, the positive and negative first order passbands overlap to 
enable the zero order passband to be removed entirely whilst still retaining 
appreciable contrast at low to moderate spatial frequencies. A feature of the root 
mean square (RMS) of image differences approach to optical sectioning (equation 
(6-12)) is that frequencies close to the excitation pattern are not effectively sectioned 
[112]. This out of focus light is due to frequencies within the so called ‘missing cone’ 
of the 3D OTF associated with the first order passbands [104]. The corresponding 
out of focus light in the reconstructed image may be supressed by attenuating the 
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signal close to the centre of the first order passbands and replacing it with 
complementary information from the zero order passband. The optimal approach 
which balances the suppression of out of focus light with the increase in the 
passband cutoff and the signal-to-noise ratio in the reconstructed images will depend 
on the sample structure. Figure 6-18 shows an example of applying different 
reconstruction algorithms to images of a human blood platelet labelled for tubulin 
(red) and the CD63 protein (green). The platelets are typically several μm thick with 
a tubulin ring around the perimeter and the CD63 predominantly found clustered in 
granules inside. A z-stack of 37 image planes each separated by 100 nm was 
acquired under illumination with an SI pattern close to the coherent cutoff frequency. 
The images shown are maximum intensity projections (MIPs) calculated for image 
stacks reconstructed in various different ways. The widefield, SR-SIM and OS-SIM 
images are respectively the sum of all raw images, the conventional superresolution 
SIM reconstruction (without attenuation of any of the passbands) and the 
conventional optical sectioning SIM image (calculated as the rms of the differences 
between the pairs of images). The SROS-SIM1 z-stack was calculated using the 
conventional linear superresolution SIM algorithm with the zero order passband 
removed. The SROS-SIM2 and SROS-SIM3 algorithms employ the same Fourier 
space shifting as in SR-SIM, however with attenuation of both passbands. In SROS-
SIM2 the centres of the zero and first order passbands are multiplied by an inverted 
Gaussian function, 𝑤(𝒌) = 1 − exp (−|𝒌|2/2𝜎2), with a standard deviation equal to 
0.7 times the frequency of the excitation pattern. In SROS-SIM3, information close to 
the centre of the first order passband is suppressed with an inverted Gaussian 
weighting with a standard deviation of 0.3 times the excitation frequency and 
replaced with the zero order component weighted by a complementary upright 
Gaussian centred at the same location in Fourier space. 
 Out of focus light present in the slices of the widefield z-stack results in a 
diffuse haze in the widefield MIP image and gives rise to a periodic patterning 
artefact in the SR-SIM image. All of the optical sectioning algorithms appear to be 
effective at significantly reducing the amount of out of focus light. Further, the SROS-
SIM algorithms can be seen to improve effective spatial resolution reducing the 
apparent size of the CD63 granules. Out of focus light close to the centre of the first 
order passbands results in image artefacts close to the edges of bright features in 
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the SROS-SIM1 MIP which is removed in the SROS-SIM2 and SROS-SIM3 images. 
The attenuation of the first order passband in SROS-SIM2 increases the apparent 
noise in the image and, in this case, the SROS-SIM3 algorithm appears to yield the 
best reconstructed image. 
. 
 
Figure 6-19. Maximum intensity projections of a human blood platelet labelled for tubulin (red) 
and CD63 (green) generated from a z-stack of raw structured illumination images processed 
using various different reconstruction algorithms. 
6.6 Discussion 
SI is an effective technique for extending the spatial frequency passband of a 
fluorescence microscope beyond the classical diffraction limit. In the case of a 
sinusoidal illumination pattern, various methods can be used to suppress of out of 
focus light in the reconstructed image, making the technique suitable for imaging in 
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thicker samples. As a parallel imaging method SIM is significantly faster than many 
other superresolution imaging techniques based on single molecule localisation [115, 
116] or single point laser scanning [117], although typically offers a smaller 
resolution enhancement. A significant advantage of SIM is that, unlike these other 
superresolution techniques, it places no additional requirements on the spectral or 
temporal characteristics of the fluorophore. The fluorescent dyes and proteins 
routinely used in established fluorescence imaging modalities such as widefield and 
confocal microscopy are also appropriate for SIM. 
Compared to equivalent conventional widefield images, SIM images typically 
have higher contrast and allow smaller sample features to be resolved and 
distinguished. This gain in image quality comes at the expense of an increase in 
image acquisition time as multiple raw images are required in order to reconstruct a 
single SIM image. For the 2D SIM scheme described here a minimum of 9 raw 
image frames is required to reconstruct a single SIM image with a reasonably 
isotropic resolution enhancement. Alternative image reconstruction schemes have 
been proposed which may reduce the required number of raw image frames with 
corresponding gains in sample exposure and effective imaging speed [118]. 
As with any imaging technique SIM images can suffer from artefacts. Out of 
focus light can give rise to spurious periodic patterning. Errors in the frequency, 
phase or orientation of the excitation pattern cause further errors as does a 
mismatch between the assumed and real OTF of the microscope system. These 
artefacts can be challenging to detect, particularly for complex objects such as many 
biological samples. A stable optical system combined with robust calibration 
procedures for determining the SI pattern parameters can help to reduce such 
artefacts, improving both qualitative interpretation and quantitative analysis of SIM 
images. The frequency spectrum of many samples may be expected to decay 
smoothly with increasing frequency. The appearance of bright peaks in the Fourier 
transform of the image may thus help to identify reconstruction errors [114]. Dynamic 
samples, such as live cells and organisms pose additional challenges as failure to 
acquire data at sufficient speed can result in motion artefacts [107].  
The use of correlative (optical and non-optical) imaging approaches offers the 
potential of both increasing the confidence in SIM images and also providing 
additional sample information. Fusing image data from these different methods may 
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also yield new insights into the structure of the underlying object. Well characterised 
standard samples or phantoms with properties close to typical samples would also 
help expose image artefacts. Such samples would aid the development and 
assessment of image acquisition and reconstruction methods leading to more robust 
and accurate SIM data. 
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7 Summary & Conclusions 
 
This thesis has been concerned with the application of adaptive optics (AO) and 
structured illumination (SI) techniques for improving the imaging performance of 
fluorescence microscopes. In essence both of these techniques employ dynamic 
optical elements to enhance the spatial frequency response of the imaging system, 
leading to improved spatial resolution and contrast. Such improvements extend the 
potential application of fluorescence microscopy allowing imaging of a wider range of 
samples with better spatial resolution. 
Perhaps the most significant challenge in applying the techniques of AO to 
microscopy is in measuring the aberrated wavefront. Fluorescent guide stars 
(spatially confined sources of fluorescent emission) were shown to allow direct 
measurement of the wavefront aberration in the pupil plane of a microscope 
objective lens. This guide star technique was applied to measure the aberration 
statistics in a commonly studied biological organism: the C. elegans nematode. 
Using Fourier optics simulations it was demonstrated that an appropriately-sized 
confocal pinhole can improve the performance of the wavefront sensing by rejecting 
out of focus light. The technique of direct wavefront sensing using fluorescent guide 
stars was implemented in a closed loop AO system incorporated into a widefield and 
confocal stage scanning fluorescence microscope. By correcting specimen 
aberrations the system was shown to improve the imaging of GFP expressed in a 
group of neurons inside a C. elegans specimen. 
The ability of a light microscope to image many samples such as biological 
tissues is limited not only by low order refractive aberrations, but also by high spatial 
frequency scattering. Spatial light modulators (SLMs) [47] and other holographic 
techniques [119] have been shown to be effective in allowing the focussing of light 
inside such turbid media. The further development of methods both for sensing and 
correcting light scattering offers exciting opportunities, for example in in-vivo and 
deep tissue optical imaging. Combining different approaches, such as those based 
on direct wavefront sensing and image optimisation, may allow AO to be used for 
aberration corrected microscopic imaging of a wider variety of samples across a 
broader spatio-temporal domain. 
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Fundamental to most AO systems is the assumption that the phase of the 
electromagnetic field is a (polarisation independent) scalar quantity. Vectorial ray 
tracing calculations were performed to give an example of polarisation dependence 
in the wavefront of light focussed by a high NA lens. Focussing into optically 
anisotropic media can lead to further polarisation dependence in the wavefront, 
limiting the correction performance of a conventional scalar AO system. Such 
polarisation effects are likely to be small for biological specimens, but can be 
significant for highly anisotropic media, such as birefringent crystals. In such cases 
restoring imaging performance using an AO system would require measurement and 
correction of the wavefront as a vector quantity. 
 While AO seeks to restore the diffraction limited passband of the imaging 
system, the use of SI allows extension of the frequency cutoff, bringing previously 
inaccessible information inside the observable passband. A practical implementation 
of a SIM system was described in which illumination patterns were generated using 
an SLM configured as a programmable binary phase grating. The system was used 
to image a variety of fluorescently-labelled subcellular structures with clear 
improvements in resolution and contrast over the corresponding widefield images. 
The use of an SLM allows for high speed switching between SI patterns and 
flexibility in pattern structure, but also brings additional complications such as the 
dependence of the pattern contrast on polarisation state which can be overcome by 
using additional optical elements or optimising the system design. Total or partial 
attenuation of the various SI passbands allows suppression of out of focus light for 
more effective SIM imaging of thicker samples. Typically this comes at the expense 
of reduced spatial resolution or a degraded signal-to-noise ratio. 
The further development and application of SIM techniques is an active area 
of research. At the expense of an increase in the required number of raw images, 
SIM methods are able to enhance the axial as well as lateral resolution [104]. The 
introduction of higher order harmonics into the excitation pattern through saturation 
of the fluorescent excitation state [102] or the use of nonlinear fluorescent dyes [103] 
can further extend the passband cutoff enabling further gains in spatial resolution. 
Increases in the image acquisition rate enabled by improvements in hardware will 
allow SIM to be applied to study dynamic processes on shorter timescales. Better 
understanding and detection of image artefacts will improve the reliability of image 
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analysis and quantification. This would be further aided both by the use of well 
characterised standard samples and the use of correlative imaging techniques. 
In this thesis the techniques of SIM and AO have largely been explored 
independently. As with any optical imaging technique SIM is negatively affected by 
wavefront aberrations. The drive to perform imaging experiments in thicker samples 
from 3D cell cultures to organisms and tissues raises the problems of imaging at 
depth encountered in traditional microscopy methods. Recent research has 
considered combining AO techniques with various SR imaging modalities [108, 120, 
121] as well as optical sectioning SIM [122]. This is a fertile area for further research 
and development, both in terms of new experimental approaches to combine AO and 
SR and also in the development of appropriate models to describe the effects of 
aberrations on the images generated by such systems. 
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D. Component list for adaptive optic fluorescence microscope 
Component type Component 
reference (see 
Figure 4-1) 
Details 
Laser source 
LS1 635 nm laser diode, fibre coupled, ~ 1 mW max 
CW 
LS2/3 488 nm OPSL, fibre coupled, ~ 30 mW max CW 
Lens 
L1 Visible achromatic doublet, f = 60 mm 
L2 Visible achromatic doublet, f = 80 mm 
L3 Visible achromatic doublet, f = 50 mm 
L4 Visible achromatic doublet, f = 200 mm 
L5 Visible achromatic doublet, f = 750 mm 
L6 Visible achromatic doublet, f = 60 mm (100x/0.8) 
Visible achromatic doublet, f = 80 mm (100x/0.95) 
L7 Visible achromatic doublet, f = 80 mm 
L8 Visible achromatic doublet, f = 100 mm 
L9 Visible achromatic doublet, f = 200 mm 
L10 Visible achromatic doublet, f = 100 mm 
L11 Visible achromatic doublet, f = 120 mm 
Beamsplitter 
BS1 Polarising beamsplitter cube 
BS2 Non-polarising beamsplitter cube 
BS3/4 Parallel plate beamsplitter 
Limiting aperture A Adjustable iris aperture 
Plane mirror M1-3 Broadband protected aluminium coating 
Deformable mirror DM 37 channel piezoelectric continuous facesheet 
DM: 
• clear diameter 50 mm 
• actuator pitch = 7 mm 
• maximum stroke = 8 μm 
Wavefront sensor WFS Shack-Hartmann wavefront sensor: 
• lenslet pitch 0.192 mm 
• focal length of lenslets = 3.17 mm 
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• 640x480 pixel CCD camera with 9.9 μm 
pixel pitch 
Microscope 
objective lens 
MO • 100x/0.8 (Olympus, LMPlanFL) 
• 100x/0.95 (Olympus UIS, PLFl) 
Pinhole PH Fixed diameter pinhole 
Coloured filters 
BF1 Notch filter, CWL 633 nm, FWHM of blocking 
band 25 nm + long pass cut on filter with 50% 
transmission at 650 nm 
BF2 GFP emission filter, CWL 525 nm, FWHM 25 nm 
CCD camera CCD PCO sensicam qe, air cooled CCD, pixel pitch 
6.45 μm 
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E. Component list for structured illumination microscope 
 
Component type Component 
reference (see 
Figure 6-2 and 
Figure 6-3) 
Details 
Laser source 
 488 nm OPSL, 200 mW CW (Coherent sapphire 
LP) coupled into single mode fibre 
561 nm OPSL, 200 mW CW (Coherent sapphire 
LP) coupled into single mode fibre 
Lens L1 Visible achromatic doublet, f = 100 mm 
 L2 Visible achromatic doublet, f = 250 mm 
 L3 Visible achromatic doublet, f = 120 mm 
 L4 Visible achromatic doublet, f = 300 mm 
Spatial light 
modulator 
SLM SXGA-3DM, Forth Dimension Displays 
Plane mirrors  Broadband protected silver coating 
Fourier plane filter  300 μm holes drilled into 1 mm thick Aluminium 
plate, around a circle of radius 1-2 mm 
(depending on SLM grating period) 
Liquid crystal phase 
retarder 
 Full wave retardance 350 nm – 700 nm 
(LCC1223-A, Thorlabs Inc.) 
Microscope body  IX71 (Olympus) 
Microscope 
objective lens 
MO 60x / 1.3 silicone immersion (UPLSAPO60XS,  
Olympus) 
Fluorescence filters  Excitation filter: none 
• Dichroic mirror: Semrock Di01 R488/561 
• Emission filter: Semrock FF01-523/610-
25 
Sample positioning 
stage (xyz) 
 H117, Prior Scientific 
Z axis scanning 
stage 
 NanoScanZ (100 μm), Prior Scientific 
Digital camera  Orca Flash 4.0 sCMOS, Hamamatsu 
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